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Abstract 
  The lower Zambezi valley is an important conservation area for both Zambia and 
Zimbabwe, encompassing areas of varying levels of habitat and wildlife protection. Crocodiles 
have an important role in the ecosystem a well as a significant economic value, both attributes 
require careful management to ensure their preservation. This study investigated depredation 
of crocodile nests and estimated the population with a view to parameterising models which 
could be used to simulate harvesting strategies. Combined with a social survey the results are 
discussed in terms of enlightened crocodile management. 
  The methodology encompassed four main areas: 1) An artificial crocodile nest 
experiment to ascertain levels of depredation at the egg stage. 2) Crocodile population surveys 
to estimate the abundance and size structure. 3) Deterministic stage-based and integral 
projection models compare observed to predicted population structure and the influence of 
harvesting regimes. 4) A questionnaire survey to determine the scale of human crocodile 
conflict and the associated issues. 
  The local habitat characteristics of simulated crocodile nests correlated with 
depredation probability and time to nest death. The crocodile population shows evidence of 
increasing but differed from the predicted model stage structure, indicative of a population not 
yet at equilibrium. Crocodile density increased in areas that had higher levels of wildlife/habitat 
protection. An integral projection model indicated the complex inter-relationships between 
population biology parameters. Perturbations affecting the smallest as well as breeding size 
crocodiles may cause a significant impact to lambda and fertility selection. The current human 
crocodile conflict mitigation is minimal and ineffective. Canoe fishing is the highest risk activity 
followed by collecting water. The most popular mitigation suggestions were additional water 
access points in villages and for selective or total removal of crocodiles. An underlying dislike of 
crocodiles by the local populace needs to be addressed in order for successful long-term 
conservation.     
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Chapter 1 : A review of crocodilian management and demographic theory 
with a focus on the Nile crocodile, Crocodylus niloticus  
 
Introduction 
 Crocodilians are an iconic species - large, powerful, stealthy predators that have remained 
relatively unchanged from their prehistoric ancestors for over 65 million years (Taplin and 
Grigg 1989, Benton 2000). This is an admirable achievement and a tribute to their ability to 
persist through time. Most animal populations are now managed to ensure their preservation 
and the order of Crocodylidae is no exception. Crocodilians have benefited from the 
establishment of protected areas yet their cryptic nature has allowed them to remain in 
locations outside of these which have been settled by people. This poses one of the foremost 
challenges to wildlife managers, that crocodilians inhabit a resource that is essential for humans 
- water. Crocodilians are a top predator of aquatic and wetland ecosystems which often brings 
them in fatal conflict with people. This is just part of a complex array of factors that are involved 
with the management of crocodilians - They are an important ecological species (Mazzotti et al. 
2007); a commercial asset (MacGregor 2006); exploited in numerous ways (Luxmoore 1992); 
listed as a protected species and subject to conservation plans (Crocodile Specialist Group. 
1996); regarded as a ‘problem animal’ (Aust et al. 2009) yet touted as a flagship species (Ashton 
2010); pressured by habitat loss (Thorbjarnarson et al. 2002) and the effects of pollution 
(Ashton 2010). In order to address these issues, accurate demographic data is required 
concerning all aspects of their life history. Statistical modelling techniques can reveal how a 
population may respond to management such as harvesting or reintroduction scenarios. 
Empirical evidence in the form of monitoring the population is necessary to validate the 
theoretical predictions and to confirm density and distribution patterns. Levels of conflict, 
mitigation options and other associated social aspects of living in proximity to crocodilians need 
to be quantified. Combining these factors allows management options to be explored and 
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increase the likelihood of long-term conservation success. This study addresses all these factors 
by investigating: (a) The depredation rates of simulated Nile crocodile (Crocodylus niloticus) 
nests. (b) The C. niloticus population distribution and density. (c) Crocodilian population 
modelling and (d) Local attitudes towards C. niloticus. 
 
The importance of crocodilians 
 Crocodilians play a vital role in wetland ecology, considered a keystone species they are 
influential in maintaining the complex balance of biodiversity (Mazzotti et al. 2009). Being top 
predators, they are indicators of ecosystem health and are commonly designated flagship species for 
wetland conservation (Telleria et al. 2008). Although fish are included with the diet (Wallace and 
Leslie 2008), it has been suggested that crocodilians play an important role in maintaining a healthy 
fishery, although a direct link still remains to be identified. What is certain is that crocodilians have 
an important economic status. Firstly they are a charismatic megafauna, an important part of the 
tourism trade and a desirable trophy species for hunters (Lindsey et al. 2007). Secondly they 
represent a lucrative resource in the form of skins for the leather industry as well exotic meat 
(MacGregor 2006). They are however efficient predators and some species are responsible for 
human and livestock deaths (Aust et al. 2009, Dunham et al. 2010). These factors combine to create 
a unique case where although vital for an ecosystem they are often subject to exploitation and 
persecution.  
 
Crocodilian exploitation and trade 
 The main driver of crocodilian exploitation is demand for their skin for leather products 
with the meat, skeletal elements, internal organs, etc., comprising a minor economic component 
(Luxmoore 1992, Thorbjarnarson 1999). The size at slaughter of individuals is dependent on 
the demand, dictated by the fashion industry which stipulates the desired scale size (MacGregor 
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2002). The four most commercially valuable species are the Nile crocodile, Estuarine crocodile, 
American alligator and the Common caiman (Luxmoore 1992).  
 To ensure that the correct terminology is used, ‘crocodile farming’ encompasses both 
techniques of ranching and captive-breeding (MacGregor 2006). The three legally recognised 
forms of crocodilian utilisation are: 
 
 1.) Wild harvesting - Direct harvest of eggs and live specimens from the wild for 
immediate sale or slaughter (MacGregor 2002). 
 
 2.) Ranching - The harvesting of eggs, and live specimens (mainly hatchlings and juveniles 
with occasional breeding size females) from the wild that are then incubated and/or raised in 
captivity (Luxmoore 1992, Jenkins et al. 2004). This method occasionally incorporates 
‘repatriation’ of a proportion (~5%) of hatched specimens when they reach ~1m total length to 
compensate for the off-take (Craig et al. 1992). 
 
 3.) Captive-breeding - A closed-cycle operation where captive animals lay eggs which are 
harvested (Luxmoore 1992).   
 
 Between the 1920’s and 1960’s the majority of crocodilian populations were heavily 
exploited by unregulated wild harvests (Cott 1961). The scale of the harvesting and rapid 
depletion of wild populations precipitated the involvement of the Convention on International 
Trade in Endangered Species of Wild Fauna and Flora (CITES) in the 1970’s (MacGregor 2006). 
Initially all twenty-three crocodilian species were listed as critically endangered (Appendix I) 
and international trade ceased pending scientific enquiries of the wild populations (Jenkins et 
al. 2004). Enlightened strategies towards conservation and utilisation enabled some 
populations to recover (Fukuda et al. 2011) whilst others remain in danger of extinction 
(Thorbjarnarson et al. 2002). Between 1983 and 2004, CITES permitted the down-listing of 
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several species from Appendix I to Appendix II to allow developing nations to profit from 
controlled trade (Jenkins et al. 2004). Forty years later, all twenty-three species of crocodilians 
are still listed on either Appendix I (7 species) or II (16 species) and international trade remains 
either prohibited or closely controlled in order to protect the species (Crocodile Specialist 
Group. 1996).  
 The concept of sustainable extractive use became an important issue as the most likely 
culprits to overexploit the resource were also those who should have a vested interest in 
maintaining it (i.e. ranching operations are only feasible with a healthy wild population). By 
1999, the world trade in wild harvested skins had fallen from being the main source to ~6% as 
farming operations were implemented as a sustainable alternative (MacGregor 2006). In 2002 
the proportions of operations were wild 6%, ranched 22% and captive-bred 72% (MacGregor 
2006). Ranching has been suggested as an eco-friendly method of farming, due to reliance on 
the wild resource providing an inherent conservation incentive (Tisdell and Nantha 2007). 
However, the preference for captive-based operations increased due to the additional 
expenditure involved with ranching such as wild population monitoring, regulated access to 
wild populations, declining numbers of nest sites and the unpredictability and inconsistencies 
associated with obtaining skins from wild crocodilians (MacGregor 2006). Although 
overexploitation remains a possibility, the main threats to crocodilians have shifted towards 
habitat loss/fragmentation (Thorbjarnarson et al. 2002, Shacks 2006) and the effects of 
pollution (Ashton 2010). 
 
Human wildlife conflict 
 Most species currently require management and monitoring strategies due to the levels of 
exploitation. Protected areas may have allowed the preservation and conservation of many 
types of wildlife but this often comes at a cost to people living in close proximity to such areas. 
Increasing human population growth has led to increased rates of natural resource use, habitat 
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loss, and conflict between people and wildlife. The pattern of human expansion brings with it a 
multitude of issues that fall within the term of human wildlife conflict (HWC). This is a global 
problem, occurring in many countries where human and wildlife requirements overlap 
(Madden 2004). An understanding of the factors that shape humans response to HWC is 
essential for its prevention and mitigation (Manfredo and Dayer 2004). Human wildlife conflict 
covers a multitude of issues that people face when living in proximity to wildlife that can have 
negative connotations for both people and wildlife. HWR can take many forms; crop 
raiding/damage (Chhangani et al. 2008), livestock depredation (Hemson et al. 2009), damage to 
property (Aust et al. 2009), transmission of disease/pathogens (Coll-Seck 2010), threats to and 
loss of human life (Dunham et al. 2010) and killing or harassment of wildlife (Kissui 2008, 
Dunham et al. 2010). There are also secondary or indirect costs that are difficult to quantify, 
such as movement restrictions, loss of sleep, reduced school attendance and increased time 
spent guarding fields leading to increased exposure to malaria (Lamarque et al. 2009). 
 One of the animals associated with HWC are crocodiles, being aquatic, nocturnal and 
cryptic allows them to persist in areas where other wildlife has diminished and the human 
density has increased. Successful conservation methods have increased wild crocodile 
populations which in turn has been accompanied by an increase in ‘problem’ crocodiles (Letnic 
and Connors 2006). The issues involved with human-crocodile interactions are a concern, 
especially in African countries where the Nile crocodile is the cause of significant numbers of 
human and livestock fatalities (Aust et al. 2009, Dunham et al. 2010). 
 
Crocodilian conservation 
 Conservation strategies are required to consider a holistic approach in order to deliver a 
successful result of protection and/or restoration. This can be challenging due the dynamic 
nature of the natural world. Management strategies that incorporate flexibility are more likely 
to succeed than traditional fixed quota systems (Bradshaw et al. 2006). Adaptive management 
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techniques acknowledge the unpredictability of social-ecological systems and allow for change 
when the resource system responds to management (Allen et al. 2011). Incorporating these 
methods into crocodilian management plans have proved successful for countries such as 
Australia (DEC 2009) and America (Tyre and Michaels 2011). For the past twenty years, the 
Crocodylus  porosus and Alligator mississipiensis populations have increased across Australia and 
America (respectively). Ironically the success of the conservation initiatives brought with it an 
increase in human crocodile conflict (HCC). The strategy was then required to incorporate new 
management objectives to mitigate the conflict issues. 
 Incentive-driven conservation is often touted as a preferable strategy to strict enforced 
legislation (Hutton and Leader-Williams 2003). However the incentives must be adequate to off-
set or exceed direct and in-direct costs to communities living alongside wildlife. There are 
detailed literature regarding Australia’s crocodile management plan (Leach G.J. et al. 2009), and 
so we use this as an example: Firstly - Informing the public of the environmental and economic 
benefits of conservation; Secondly - Encouraging incentives through commercial activities such 
as farming and tourism; Thirdly - Negative factors approached by ‘problem animal control’. The 
Australian government’s legislation and enforcement alongside research and monitoring 
programmes is undoubtedly a deciding factor in their success. It is in this respect that 
disparities are seen between the more developed countries and those of less developed nations. 
The one exception would have been Zimbabwe, once a world leader in crocodile conservation 
and farming (Revol 1995). However recent political events and a hyper-inflated economy will 
undoubtedly have taken their toll on existing conservation plans (Degeorges and Reilly 2007). 
Many of the management programmes implemented have initial strong conservation objectives 
and monitoring plans. These have in the long-term been difficult to adhere to, often due to 
limited financial resources (Hutton et al. 2001). It has been noted in a review by Hutton et al. 
(2001) that when there is an income generated by crocodilian resources, the capital has not 
always been re-invested at the source, as the government agencies are subject to frequently 
changing priorities.  
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 Crocodilians also have a non-consumptive value. Firstly - some crocodile farms also serve 
as tourist and/or scientific bases. Secondly - Ecotourism offers a financial possibility, although 
the value of a crocodile within the tourism sector is difficult to quantify, ecotourism itself does 
contribute significantly to the income of less developed countries (Fayissa et al. 2008). Projects 
such as those in Namibia have allowed communal lands to be designated conservancies which 
allow the community to profit from hunting and tourism on this land (Naidoo et al. 2011a). The 
success of these relies on diverse wildlife assemblages and so a holistic view to conservation 
that encompasses all wildlife can yield greater returns (Naidoo et al. 2011b). The management 
of conservancies such as those in Namibia requires a progressive approach. Placing land in the 
hands of the local community for development and management relieves pressure from the 
governmental wildlife department and places responsibility with the local people. Such 
community-based ecotourism can be a successful motivator but needs to be considered as a 
long-term investment and further assessment alongside other alternative such as ‘pure 
protection’ (Kiss 2004). The key question is that if community conservation is an option, then 
how should it be pursued? Conservation is highly political and the negotiation is critical in 
evaluating the trade-offs between local community livelihoods and biodiversity preservation 
(Adams and Hulme 2001).    
 
Study animal - Nile crocodile, Crocodylus niloticus 
 Successful conservation is (in part) dependent on accurate demographic data and this is 
relatively well documented for Nile crocodiles. The Nile crocodile can breed once a year (Leslie 
1997, Bourquin 2007) although there is no evidence that the same female breeds in successive 
years (Detoeuf-Boulade 2006). Crocodiles are oviparous pulse-breeders nesting at the end of 
the dry season, the clutch of eggs (mean = 46 eggs, Appendix 1) are laid during a single event in 
an excavated depression (Platt and Thorbjarnarson 2000a, Swanepoel et al. 2000). Egg and 
clutch size are positively correlated with female size (Thorbjarnarson and Hernandez 1993). 
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Incubation lasts approximately 90 days (Cott 1961) during which time the female often remains 
close exhibiting nest guarding behaviour (Kushlan and Kushlan 1980). The incubation 
temperature of the egg determines the sex of the hatchling (Leslie 1997, Maciejewski 2006). 
Pre-hatching calls induce sibling synchronous hatching and a nest opening response from the 
attending female (Vergne and Mathevon 2008). Initially the smaller crocodiles have a higher 
relative length-related growth rate than larger animals which exhibit at a relatively higher rate 
of body mass gain (Games 1990, Bourquin 2007). The size at sexual maturity can vary between 
populations, ranging between a total length (TL) 2.7 - 3.3m for males and TL 1.8 - 2.8m for 
females (Appendix 1). Life expectancy of a wild Nile crocodile is estimated at 50-100 years 
(Craig et al. 1992). 
 
Demographic theory  
 Reviewing this information on the life history, one could hypothesise that during the past 
40-50 years (of conservation measures or at least the reduced or negated hunting/harvesting 
pressure), that crocodile populations would have drifted back to what would be considered a 
natural equilibrium. This is exemplified by the C. porosus population of Australia, the enforced 
protection and subsequent monitoring has allowed for a full population recovery (Fukuda et al. 
2011). The commercial benefits of increased egg harvesting (quotas are reviewed every two 
years following surveys) since the management plan was implemented is marred by the 
accompanying rise in human crocodile conflict (DEC 2009). However, many populations that 
suffered from major perturbations are still at risk (Thorbjarnarson et al. 2002, Bishop et al. 
2009). 
 Demographic models are essential for wildlife management plans, from stage-structured 
matrix models (Caswell 2001) to integral projection models (IPMs) (Easterling et al. 2000, 
Ellner and Rees 2006). A range of sensitivity analysis techniques have been developed to 
analyse the potential effects of interference to population biology parameters such as lambda 
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(Rees and Ellner 2009, Caswell 2010). The results of which are used to indicate at which part of 
the life-cycle intervention could influence the population (Caswell 2007). The current method 
for understanding crocodilian population dynamics are stage-structured models (Blomberg 
1984, Smith and Webb 1985, Craig et al. 1992, Tucker 2001, Gallegos et al. 2008), maximum 
sustainable yield models (Bradshaw et al. 2006) as well as reviews of sustainable harvesting 
techniques in the wild (Tucker 1995, Velasco et al. 2003). Generally the results of these models 
indicate that the rate of population growth is most sensitive to perturbations to the sub-adult 
and/or adult stage and that the egg and hatchling stage has the lowest sensitivity. This 
insinuates that unregulated harvesting of large specimens could result in changes of population 
growth rate and structure with considerable implications for the future. The harvesting of eggs 
however would have only a minor effect. Global crocodilian management policies follow these 
recommendations harvesting eggs and/or hatchlings (Chansa et al. 2005, DEC 2009). The 
continued monitoring of the wild population alongside regulating harvests is a high priority in 
populations subject to exploitation to validate the theoretical models with empirical evidence.  
 
The lower Zambezi valley study site 
 The stretch of Zambezi River between Kariba dam and where it crosses the Mozambique 
border to enter Lake Cahora Bassa has been termed both lower and middle Zambezi, hereafter 
we refer to this area as the lower Zambezi (Figure 1.1). The study concentrated on the main 
Zambezi River (~270km along the main channel) and the lower limits of the Kafue River (20km 
upstream of the confluence) where shallow rapids prevented further upstream travel. The 
lower Zambezi River is relatively shallow and wide (~500m) with numerous islands and sand 
bars. There are two rocky gorges at either end of the lower Zambezi. The two main tributaries 
which enter the lower Zambezi are the Kafue and Luangwa Rivers. Three dams - the Kariba dam, 
the Itezhi-Tezhi dam (situated on the Kafue River) and the Cahoroa Bassa dam, all exert an 
effect on the river level which can fluctuate on a weekly basis depending on how many flood 
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gates are open to supply hydro-electric power. The area has a distinct wet season from 
November to April, followed by a cool/dry season (May to July) and a hot/dry season (August to 
October). The high water peaks during and after the wet season. 
 The human population is highest along the Zambian riverbank, being most concentrated 
in Chiawa Game Management Area (GMA) and the Siavunga Open Area. The rural communities 
make use of the fertile soils and access to water to grow crops. The Zambezi River also supports 
subsistence fishing as well as small scale commercial fisheries operations. There are several 
tourist and hunting lodges along the entire length of the Zambezi River in both Zambia and 
Zimbabwe whose main river activities are sport and recreational fishing, photographic and 
hunting safaris. The river is also used for transport (lodge supplies, tourists, etc) especially 
during the wet season when vehicular access becomes limited as the lower Zambezi road in 
Zambia becomes temporarily impassable.  
  The lower Zambezi Valley is part of the African Wildlife Foundation heartlands 
programme which includes protected areas such as the Lower Zambezi National Park, Mana 
Pools World Heritage site and various safari and game management areas (Muruthi 2005, AWF 
2010). The protected areas harbour a rich and diverse array of wildlife. There are four levels of 
wildlife/habitat protection ranging from open areas, game management areas (GMAs), safari 
areas and protected areas. Open areas allow human settlement, development and agriculture. 
GMAs allow settlement and agriculture but are also classified as an IUCN category IV area, 
defined as an area ‘to maintain, conserve and restore species habitat’ (IUCN 2010a). GMAs in 
Zambia were principally established to act as buffer zones around National Parks. Safari areas 
do not allow human settlement or agriculture but do permit wildlife hunting and harvesting 
quotas. The two protected areas (Lower Zambezi National Park and Mana Pools National Park) 
have the highest levels of wildlife/habitat protection and are no-take zones where wildlife is 
concerned.  
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Figure 1.1 The lower Zambezi study site. The main Rivers (Zambezi, Kafue and Luangwa) are 
indicated by the thickest lines. The Zambezi River forms the international border between 
Zambia and Zimbabwe. Acronyms indicate Open Area (OA); Game Management Area (GMA); 
Safari Area (SA). 
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Current situation in lower Zambezi valley 
 The two countries that utilise the lower Zambezi River for Nile crocodile harvesting are 
Zambia and Zimbabwe. Zambia Wildlife Authority (ZAWA) and Zimbabwe Parks and Wildlife 
Management Authority (ZPWMA) are responsible for the management of crocodiles. Both 
countries have the Crocodile Farmers’ Associations which represent the crocodile farmers and 
are responsible for compiling production data for wildlife departments.  
 Crocodile farming commenced in Zambia in the 1980s, there are now 9 crocodile farms. 
Although acknowledged as a significant industry, continued crocodile ranching in Zambia 
coupled with a lack of scientific data may have a detrimental effect on the wild population 
(Siamudaala et al. 2004).   
 In Zimbabwe crocodile farm production increased during 1985 through to 2002 although 
recent land reforms and a hyperinflationary economy have caused political and social upheaval 
and the number of crocodile farms and ranches decreased from 47 in 1992 to approximately 26 
(Jenkins et al. 2004). The policy and plan for crocodile management in Zimbabwe (drafted in 
1996) is still in effect, zoning crocodile habitats to provide appropriate levels of protection and 
utilisation. This strategy has been used as a model for other African countries (Revol 1995).   
  A study by Loveridge (1996) concluded that the crocodile management strategy in 
Zimbabwe was one in which the conservation status of the species had benefited from well 
managed utilisation and suggested that the programme would be sustainable in the long run. 
The report noted that few of the economic benefits from crocodiles are passed onto the 
communities who directly suffer their depredations. This problem is common to most African 
communities that reside within crocodile conservation designated areas (McGregor 2005). The 
challenge for researchers and managers responsible for crocodilians is to establish programs 
where use is either sustainable or independent of the wild thereby conserving the natural 
system whilst appeasing the resident human population. 
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Study aims 
 The aim of this study was to investigate socio-ecological factors concerning the human 
and Nile crocodile population in the lower Zambezi, with a view to validate or augment existing 
crocodilian management policies. In this study I collate the existing demographic data on 
crocodilians alongside my own data. This is used to construct population models to compare 
with the wild population structure of the Nile crocodile in the lower Zambezi valley and predict 
the outcomes of various harvesting strategies. Combined with social issues from the human 
crocodile conflict data analyses a series of recommendations for the management of the 
crocodile population are formulated.  
 
This was realised by: 
 
 Investigating depredation rates on simulated C. niloticus nests. 
 Surveying the C. niloticus population to estimate density and predict trends. 
 Ascertaining how perturbations to the C. niloticus population biology parameters affect 
the population using an Integral Projection Model. 
 Evaluating the attitudes of local people towards crocodiles and to explore mitigation 
methods. 
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Outline of thesis  
 
Each chapter is written as a discrete paper.  
 
Chapter 3 - has been accepted for publication: Wallace, K. M., Leslie, A. J., Coulson, T., Detoeuf-
Boulade A. (2012) Population size and structure of the Nile crocodile, Crocodylus niloticus, in the 
lower Zambezi valley. Oryx. In Press. 
Chapter 5 - has been accepted for publication: Wallace, K. M., Leslie, A. J. & Coulson, T. (2011) 
Living with predators: a focus on the issues of human-crocodile conflict within the lower 
Zambezi valley. Wildlife Research, 38, 747-755. 
 
 Chapter 2 investigates depredation rates of simulated wild crocodile nests to corroborate 
the existing but sparse information concerning this important aspect of the life history. There 
was a 40.5% rate of depredation on simulated C. niloticus nests by Varanus niloticus. A high 
amount of dry and dead vegetation in the immediate area increased the risk of depredation 
which was most likely to occur within the initial two weeks. Selective harvesting of nests sites 
exhibiting vegetative characteristics that increase the chance of depredation could maximise the 
potential of wild clutches surviving.  
 Chapter 3 surveys the C. niloticus population as a follow-up to a previous survey. 
Crocodile density was highest (5.4 crocodiles/km) in areas of increased levels of 
wildlife/habitat protection compared to areas of increased human presence (0.9 
crocodiles/km). The population shows evidence of increasing during the past three years from 
~1984 to ~2257 crocodiles. The crocodile population appears to be far from the equilibrium 
predicted by the stable a stage-structured model.   
 Chapter 4 develops an integral projection model to advance our knowledge of the 
potential impacts of selective harvesting on wild crocodilian populations. Sections of the 
population such as hatchlings, breeding females and their eggs may be more sensitive to 
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perturbations (i.e. harvesting) than previously realised. Changes to survivorship and growth 
patterns can lead to complex responses, causing both positive and negative effects to the 
population biology parameters that we calculated - lambda, mean lifetime reproduction, mean 
body size, mean annual recruitment, mean annual survival rates, viability and fertility selection.   
 Chapter 5 collates information pertaining to crocodile attacks, the attitudes of local people 
to crocodiles and mitigation options. Crocodiles cause ~10 deaths per year within the Chiawa 
game management area (river frontage ~58 km) with fishermen in canoes mostly likely to be 
attacked. The current mitigation is insufficient and ineffective consisting of a few underutilised 
river barriers. The main suggestion from local people was to increase the freshwater supply to 
the villages (extra boreholes) as well as the selective or total removal of crocodiles. The majority 
of people had a negative attitude towards crocodiles and only one household in the study area 
was found to benefit from their presence. 
 Chapter 6 summarises the results and conclusions of the study in the form of management 
recommendations. Although selective nest harvesting involves a greater input of effort, it could 
prove beneficial for both crocodile farmers and the wild crocodile population. The C. niloticus 
population appears to be increasing but requires further monitoring. Selective harvesting of 
hatchlings and breeding females could incur negative population level and evolutionary 
consequences. Ineffective mitigation and education relating to wildlife has to be addressed for 
effective crocodile conservation.  
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Chapter 2 : The effect of Nile water monitor depredation on simulated nests 
of the Nile crocodile 
 
Abstract 
  Egg depredation is often a key determinant of life history and population dynamics in 
birds and turtles, but do such patterns apply to large egg-laying carnivorous reptiles like 
crocodiles?  Answering this question is challenging because crocodile nests can be difficult to 
monitor in the natural environment. Yet given crocodile farmers routinely collect eggs, 
understanding the natural rates of egg-loss is critical for enlightened crocodile management. 
The depredation of simulated Nile crocodile (Crocodylus niloticus) nests was investigated in the 
Chiawa Game Management Area, Zambia. Simulated nests containing 10 chicken (Gallus 
domesticus) eggs were constructed in three areas, two island and one mainland site. The fate of 
nests was examined in relation to vegetative and substrate characteristics at each site. Olfactory 
awareness of the predator was tested using eggs in paired sites buried at different depths.  
Overall, there was a 40.5% rate of depredation on the nests by the water monitor (Varanus 
niloticus). Each depredation event led to the loss of all eggs in a nest. There was no discernable 
difference between the rate of depredation of nests buried at varying depths although local 
habitat characteristics did correlate with depredation probability and time to nest death.  We 
discuss how our results can inform crocodile management. 
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Introduction 
 Oophagy is a common feeding behaviour (Mullin 1996, Gartner and Greene 2008) as eggs 
offer a highly nutritious reward, especially if minimal investment is required on the part of the 
predator to process them (Denoel and Demars 2008). The eggs of many species are often 
subject to high levels of depredation at this potentially vulnerable part of the life cycle e.g. 
turtles (Spencer 2002); tortoises (Bjurlin and Bissonette 2004); crocodilians (Bourquin 2007); 
fish (Koester et al. 2003); birds (Sperry et al. 2009); lizards (Chalcraft and Andrews 1999); 
anurans (Vonesh 2005) and insects (Purcell et al. 2008). There can be a great deal of maternal 
investment in minimising the risk of depredation on eggs, ranging from nest site selection to the 
subsequent care of the eggs including incubation and guarding (Schwanz et al. 2009). In 
addition to parental behaviour, many physical parameters can affect the risk of nest 
depredation, including vegetative characteristics (Spencer and Thompson 2003); age and 
location of the nest (Sonerud 1985); and substrate within which eggs are buried (Vanderwall 
1993). Quantifying the natural rate of egg depredation and identifying the predator and site 
characteristics that make nests vulnerable is consequently important. This is especially true in 
instances where egg harvesting adds additional mortality to the natural background rates 
(Campbell 1998).  
 Crocodilians and chelonids often have an economic value which can encourage high rates 
of exploitation within the adult and egg stage class (Heykoop and Frechette 2001, Campbell et 
al. 2007). Human depredation of nest sites can account for up to ~85% of mortality (Choudhury 
and Bustard 1979, Escalona and Fa 1998). It is widely thought that the harvesting of eggs and 
smaller individuals, which suffer a high natural mortality, is a better strategy than removing 
breeding animals, especially if some animals are returned to the wild once they have attained a 
size where natural mortality rates are low (Webb and Manolis 1993, Hutton et al. 2001). 
Methods of exploiting crocodilians include the ranching technique which involves the 
harvesting of eggs, neonates and/or adults from the wild.  However, in Zambia, few or no 
individuals are returned to the wild (Pers Comm Nyirenda 2009; Pers Comm Thomas 2010). 
29 
 
Eggs collected from the wild, artificially incubated, hatched and reared are preferred to wild 
caught hatchlings as they have a higher survivorship (Hutton 1987).  
 There are many factors that affect the hatching potential of a clutch of crocodilian eggs, 
although there is little published literature regarding actual survivorship values of nests in the 
natural environment. Of the various parameters used within population models, depredation at 
the egg stage is usually the least well understood, with nest depredation reported from minimal 
(Magnusson 1982) to approximately 50% (Webb et al. 1983, Kofron 1989, Platt et al. 2008). It is 
estimated that approximately 2-8% of eggs laid actually produce hatchlings that subsequently 
reach sexual maturity (Webb et al. 1983). Flooding (Magnusson 1982) and nest depredation 
(Platt and Thorbjarnarson 2000a) are normally cited as the main threats to crocodilian nests as 
well as inadvertent destruction by mega-herbivores (Campos 1993) and bush-fires (Shacks 
2006). 
 It is challenging to accurately estimate the rates of depredation on actual nests. Because of 
the logistics involved with locating nests it is often difficult to establish the first day of 
oviposition and to continue daily unobtrusive monitoring. Prolonged human disturbance can 
also cause the female crocodile to abandon the nest site (Kofron 1989, Kushlan and Mazzotti 
1989). Abandoned clutches often become nest-bound and perish as hatchlings are unable to dig 
themselves out (Modha 1967). 
 One method to gain an insight into depredation rates is to utilise simulated nests 
(Marchand and Litvaitis 2004, Gunnarsson and Elmberg 2008). There are possible advantages 
of using simulated nests include a larger sample size, due to actual nests being difficult to locate 
and are easier to monitor without disturbance to an actual crocodile nest. Nests can be placed in 
sites with specific attributes to allow different features of the environment on depredation rates 
to be explored. An exact time frame can be constructed as it is often difficult to establish the first 
day an egg is laid. However, the use of artificial nests has been criticised for species where egg 
colour and texture is thought to provide important cues to predators (Lindell 2000, Moore and 
Robinson 2004, Robinson et al. 2005). However, this is unlikely to be an issue in crocodiles, 
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where eggs are incubated subterraneously. Although the use simulated nests is debatable, if 
constructed with as much attention to realism as possible, they may provide additional data 
when testing ecological hypotheses. Their use has been shown to be an affordable and non-
invasive method for species with small structured populations (Vogeli et al. 2011). Simulated 
nests consequently offer a potentially useful tool for examining rates of nest depredation on 
crocodile nests, and in providing better estimates of nest depredation rates for inclusion in 
population models and in designing improved management scenarios.  
 This paper provides insight into depredation patterns of simulated Nile crocodile nests in 
the Chiawa Game Management Area (GMA). The experiment allowed for controlled monitoring 
of simulated nests within a natural situation without causing disturbance at an actual nest site. 
Nest site characteristics were taken into consideration in the analyses.  
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Methods 
Study area 
 The Chiawa GMA is situated in the lower Zambezi region of Zambia and is IUCN category 
IV, defined as an area ‘to maintain, conserve and restore species habitat’. The main large wild 
animals in the area are Nile crocodile, elephant, hippopotamus, baboon, vervet monkey and the 
water monitor. The Chiawa GMA is an important area for the Zambia Crocodile Farmers 
Association as five crocodile ranches utilise this area for harvesting wild crocodile eggs. The 
lower Zambezi valley is dominated by flood plains with rural communities making use of the 
fertile soils and good access to water to grow food crops. The area has a distinct wet season 
from November to April, followed by a cool/dry season (May to July) and a hot/dry season 
(August to October). 
 
Study animal 
 Nile crocodiles are oviparous pulse breeders and nest at the end of the dry season (Kofron 
1989). Nests are excavated in a range of substrates in close proximity to permanent water 
(Swanepoel et al. 2000, Bourquin 2007). Although it is possible for crocodiles to breed once a 
year (Leslie 1997), there is no evidence that females breed in successive years (Detoeuf-Boulade 
2006), possibly once every two years. Clutch size can be as large as 80 eggs, which are laid 
during a single laying event (Games 1990, Leslie 1997, Maciejewski 2006). Egg size, clutch size 
and clutch mass are all positively correlated with female size (Thorbjarnarson and Hernandez 
1993). Incubation lasts approximately 90 days (Cott 1961) during which time the female is 
often close to the nest (Kushlan and Kushlan 1980). Pre-hatching calls induce sibling 
synchronous hatching and a nest opening response from the attending female (Vergne and 
Mathevon 2008). 
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Field procedures 
 Three locations, one mainland (Fringila) and two islands (Kabwadu and Kanyemba) were 
selected on the Zambian side of the Lower Zambezi River which had suitable crocodile nesting 
territory (Maciejewski 2006, Shacks 2006, Bourquin 2007) and minimal evidence of recent 
human disturbance. It would have been appropriate to construct all the nests at one site to 
maintain a homogenous environment. However, limited availability of potential crocodile 
nesting areas with minimal human disturbance and close proximity to the base camp to allow 
for daily monitoring, forced the selection of three independent sites with apparently similar 
features. Forty-two simulated nests were created, 22 on the mainland site and 10 on each island 
during October 2009 to coincide with the nesting season of the Nile crocodile (Kofron 1990, 
Bourquin 2007). Due to the local availability of chicken eggs, it was decided to construct a total 
of 42 nests in order to obtain an appropriate sample size, with 10 eggs in each. Although the 
Nile crocodile lays on average 45.5 eggs (Hutton 1984, Swanepoel et al. 2000, Maciejewski 
2006) it was assumed that factors other than the number of eggs could affect levels of 
depredation. The areas were monitored a week prior to simulated nest construction to ensure 
that no disturbance to an actual crocodile nest would occur.  
 All nests in each location were constructed on the same day to minimise disturbance. A 
hole was excavated for each nest and 10 chicken (Gallus domesticus) eggs were placed inside 
with a mean depth to egg top of 16 cm, representative of actual Nile crocodile nests 
(Maciejewski 2006, Bourquin 2007). The eggs and covering sand were wiped with a towel that 
had been used for handling crocodiles. The location of each nest was recorded with a Garmin 
GPSmap 60CSx unit. Distance to water was measured as a straight line measurement to the 
Zambezi River. Adjacent substrate and vegetation cover was recorded using 1m2 quadrats every 
2m for a distance of 20m for the four cardinal (North, East, South and West) and four 
intermediate directions (North-east, South-east, South-west, North-west). Substrate was 
classified as either hard sand (densely packed, sandy soil); soft sand (loose sand grains); 
wetland (substrate saturated with water); River (Zambezi river). Habitat characteristics were 
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classified as follows: small shrubs/plants (small shrubs and plants <0.5m in height); 1m 
vegetation (shrubs and plants 0.5-1.0m in height); >1m vegetation (shrubs, reeds and trees >1m 
in height); grass (short grass under 30cm in height); dry matter (loose, dry, dead vegetation and 
wood laying on the ground). Ground cover was then a function of the total ground based habitat 
characteristics (small shrubs/plants, 1m vegetation, >1m vegetation, grass and dry matter). 
Bare ground was ascertained by subtracting the percentage ground cover from 100. Canopy 
cover was estimated by looking up and estimating the percent coverage of 1m2 by overhanging 
vegetation. This was undertaken post-experiment to reduce the amount of human activity at the 
nest site prior to data collection. All of the simulated nest sites were then checked every day at 
18h00 for evidence of depredation or other forms of disturbance for 44 days where after the 
experiment was terminated. Nest fate was recorded as a binary variable, survived = 1 or 
depredated = 0. 
 The experiment at Fringila was also designed to determine if there was an olfactory 
awareness by predators that effected depredation. Eleven sites were selected, large enough to 
encompass two simulated nests spaced 10m apart. In order to control for depredation due to 
vegetative and substrate composition, the two nests at each site were constructed in as similar 
environments as possible. One nest had eggs buried to a depth of 10cm to the top egg and the 
other nest to a depth of 20cm to the top egg.  
 
Statistical analysis 
 Statistical analysis was performed in R 2.10.1 (R. Development Core Team 2005). 
Colinearity between variables was checked prior to analysis, and correlated variables were not 
fitted into models: soft sand was excluded from models due to its relationship with the 
proportion of hard sand (r2=0.95 F=18.521,40 P<0.01) as was bare ground as this was a direct 
function of ground cover. After preliminary analyses ‘ground cover’ was defined as the sum of 
the individual ground based habitat characteristics (small shrubs/plants, 1m vegetation, >1m 
vegetation, grass and dry matter).  
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 Appropriate error structures (see below) were selected for each dependent variable. 
Univariate models were initially fitted to explore patterns in the data before saturated models 
were fitted. Non-significant terms were then deleted in a stepwise fashion until a minimum 
adequate model was identified. Significance (or not) of deleted terms was assessed using 
appropriate tests given the error structure of the model. For example, in generalised linear 
models with binomial error structures, the change in deviance of the nested models were 
compared using a likelihood ratio test with a chi-squared distribution. Terms in the final model 
were compared with results from univariate models to examine whether patterns in 
multivariate models suggested subtle patterns in data not revealed with simple models. AIC was 
also used to rank models to determine which model of a set of models fitted the data best. 
 The first analysis examined whether habitat and environmental characteristics differed 
between sites. Variables in the form of proportions were Arcsin transformed prior to analysis. 
The Shapiro-Wilk test was used to test for normality, Student’s t-test was used for normally 
distributed data and Wilcoxon’s signed-rank test for non-normally distributed data. A one-way 
ANOVA with normal errors was used to compare the habitat variables between the three 
different sites.  
 The second objective was to estimate depredation rates during the course of the 
experiment and to estimate the associated factors. Nest depredation rate was analysed as a 
binary variable (1=survived, 0=depredated) using a generalised linear model with a binomial 
error distribution.    
 To ascertain the time when nests are most vulnerable to depredation the survivorship of 
the nests over the course of the study was estimated using Cox’s proportional hazards. The 
censoring technique was used, as the exact time of depredation for all the nests was not known. 
An additional vector (the censoring indicator) was created to distinguish between the time data, 
each number was awarded either a 1 (if the day was established as the actual time of death or 
depredation of) or a 0 (if the day was the last time a nest was recorded as alive or non-
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depredated). A normal error structure was used to model time to nest depredation across the 
set of nests that were depredated. 
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Results 
Rates of depredation 
 Despite our attempts to choose well-matched sites, there were some statistically 
significant differences between the three sites (Table 2.1). These differences were primarily 
distance to water and aspects of vegetation and ground cover. Nests tended to be further from 
the river at the Fringila site than the other 2 sites, which also had a significantly higher 
proportion of dry matter. Kabwadu had the highest proportion of hard sand substrate and the 
highest proportion of vegetation exceeding 1m in height. Kanyemba island had the lowest 
overall proportion of ground cover. Overall, 40.5% (n=17) of simulated nests were depredated, 
in each case, 100% of the eggs were taken. All nests were depredated by the water monitor, 
ascertained by examining the tracks at the disturbed nest site. The egg cavities were precisely 
excavated with no evidence of nearby experimental digging, nor was there evidence of 
continued digging once the bottom of the nest cavity was reached. 
 In univariate analyses concerning the risk of a nest being depredated or not, four 
variables were found to be significantly associated with depredation rate: distance to water, the 
proportions of hard sand, bare ground and dry matter. Depredated nests tended to be further 
from water with a higher proportion of hard sand and dry matter and a lower proportion of 
bare ground compared to those that survived (Table 2.2). Kabwadu island had only 10% of the 
nests depredated, significantly less (P=0.05, F1,41=2.91, AIC 56.9) than the other sites. Both 
Kanyemba island and the mainland Fringila site had 50% depredation rate on the nests.   
 When the habitat variables were examined in a generalised linear model including 
multiple terms, only dry matter increased the likelihood of depredation (P=0.03, F1,36=3.55, AIC 
48.6). This model had a lower AIC than a model with site fitted as a variable. These results 
suggest that the key difference between sites was the amount of dry matter. There were high 
levels of dry matter at one of the highly depredated sites (Fringilia) but dry matter levels were 
similar between the low depredation site (Kabwadu) and the other high depredation site 
37 
 
(Kanyemba). However, only one nest was depredated at Kabwadu, which makes it difficult to 
draw inference from results at this site.  This demonstrates that there is potentially large spatial 
variation in depredation rates even when habitat characteristics are reasonably well matched. 
 
 
Table 2.1 One-way ANOVA comparisons (mean and standard error) of parameter values of the 
three simulated Crocodylus niloticus nest site locations. 
 
  Fringila Kabwadu Kanyemba   
Variable mean se mean se mean se F P 
Distance to water (m) 201.8 51.7 59.9 5.9 69.3 7.8 3.31,40 0.05 
Hard sand  44.8 10.0 81.4 4.7 25.5 13.0 4.61,40 0.02 
Soft sand  43.5 8.4 9.3 4.3 62.5 13.3 4.91,40 0.01 
Wetland 0.7 0.7 0.0 0.0 0.0 0.0 0.41,40 0.65 
River 11.1 2.9 9.3 1.1 12.0 1.9 1.21,40 0.3 
Canopy cover 3.5 1.3 7.9 3.8 3.6 1.6 0.91,40 0.41 
Small shrubs/plants 4.6 1.0 7.3 1.9 5.4 2.1 1.11,40 0.33 
Vegetation approx 1m 2.4 0.5 1.1 0.3 0.3 0.1 3.61,40 0.04 
Vegetation >1m high 7.3 1.4 26.5 3.9 5.7 1.4 18.91,40 <0.01 
Grass 3.8 1.4 1.4 0.6 8.9 2.8 3.91,40 0.03 
Dry matter 23.7 3.3 4.2 1.2 1.2 0.4 23.61,40 <0.01 
Ground cover 41.7 4.2 40.6 3.8 21.5 3.2 4.51,40 0.02 
Bare ground 58.3 4.2 59.4 3.8 78.5 3.2 4.51,40 0.02 
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Table 1.2 The mean (and standard error) substrate and habitat characteristics of depredated 
(n=17) and non-depredated (n=25) simulated Crocodylus niloticus nests compared using 
univariate analysis.  
 
  Depredated Non-depredated  
Variable mean se mean se P 
Distance to water (cm) 228.8 62.3 78.4 17.0 0.04 
Hard sand 66.6 9.8 36.8 8.6 0.03 
Soft sand 26.0 8.7 49.2 8.1 0.07 
Wetland 0.0 0.0 0.6 0.6 0.99 
River 7.4 2.5 13.2 2.0 0.08 
Canopy cover 2.9 1.1 5.7 1.1 0.27 
Small shrubs/plants 5.4 1.1 5.5 1.2 0.95 
Vegetation approx 1m 1.4 0.4 1.7 0.4 0.60 
Vegetation >1m high 7.3 1.8 14.4 2.6 0.06 
Grass 5.4 1.6 3.9 1.4 0.48 
Dry matter 22.6 4.7 7.6 1.7 <0.01 
Ground cover 42.0 5.3 33.0 2.8 0.12 
Bare ground 58.0 5.3 67.0 2.8 0.04 
 
 
Fringila island experiment with paired shallow and deep nests 
 Of the eleven nests that were depredated, there was no significant difference (P=0.67, 
F1,20=0.18, AIC 34.3) between the rate of depredation at shallow nests, 54.5% (n=6) when 
compared to deep nests, 45.5% (n=5). Although clearly statistical power is limited given the 
overall depredation rate and number of shallow and deep nests we were able to construct. 
There was also no significant difference (F1,9=0.12, P=0.74) between the time to depredation of 
shallow nests (=7.8 ±4.4 days) versus deeper nests (=8.6 ±2.4 days).  
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Time to nest death and nest survivorship 
 Time to nest death varied from day 1 to day 44. Of the 17 nests that were depredated, a 
linear model indicated that time to nest death took longer in areas that had a lower proportion 
of dry matter (P=<0.01, F1,11=9.3). A stronger effect of time to nest death was found using 
ground cover (P<0.01, F1,12=11.9) to replace the individual ground habitat characteristics 
(Figure 2.1). The only depredation event on Kabwadu occurred on day 36, this nest site had a 
low proportion of dry matter, 4.3%. Nest death occurred sooner in areas further from the water 
(P=0.03, F1,11=9.3). Six of the nests were located between 46 - 68 m from the river, 5 of these 
were depredated within 14 days. The remaining 36 nests (12 of which were depredated) were 
all located within 20m of the main river, days to nest death varied between day 1 to day 44. 
 
Figure 2.1 Relationship of time to simulated Crocodylus niloticus nest death (in days since nest 
construction) and proportion of local ground cover (r2=0.62, F1,15=26.8, P<0.01). 
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 A survival analysis model was constructed utilising the censoring technique, where the 
fate of all individuals was not known. Nests not depredated (n=25) by day 44, at the end of the 
experiment, were considered to be alive but not seen again so that the actual time of death is 
unknown. Although the nests where time to death was not known do not assist with clarifying 
actual time to death, they do contribute to the survivorship function. The risk of depredation 
was highest early in the experiment, then relatively constant, before increasing again towards 
the final stages (Figure 2.2). The mean time (and standard deviation) to nest death for Kabwadu 
was 43 (SD ±2) days, for Kanyemba 39 (SD ±10) days and for Fringila 26 (SD ±18) days.  Overall, 
70.6% (n=12) of the total depredated nests were disturbed within the first 14 days and the 
remaining 29.4% (n=5) of the nests within days 35 to 44. Over the course of the 44 day 
experiment, survivorship decreased by 0.39 from day 1 (=0.98 ±0.02) to day 44 (=0.59 ±0.08) 
(Figure 2). Depredation was highest during days 6 to 14 which experienced a 0.22 drop in 
survivorship on day 6 (=0.93 ±0.04) to day 14 (=0.71 ±0.07). A reduction of survivorship to a 
lesser degree of 0.08 was seen after day 35 (=0.67 ±0.07) to day 44 (=0.59 ±0.08).    
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Figure 2.2 Survivorship of simulated Crocodylus niloticus nests in the Chiawa Game Management 
Area based on the Cox proportional hazard model. The solid line indicates the survival 
distribution and the dotted line shows the 95% confidence interval. 
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Discussion 
Rates of depredation 
 The results show a mean rate of depredation on simulated Nile crocodile nests as 40.5% 
with the Nile water monitor the only predator. Interestingly, this figure is within the range of 
reported actual crocodilian egg depredation rates of 25-50% (Webb et al. 1983, Kofron 1989) 
and very close to the 38.5% (n=39) depredation rate in the Okavango Panhandle, Botswana 
(Bourquin 2007), suggesting that the simulated nests in this experiment are comparable to 
actual crocodile nests.  
 One of the sites, Kabwadu had a very low rate of nest depredation, yet the nests were 
found to have substrate characteristics favourable to high depredation areas at the other sites: a 
high proportion of hard sand. Both Kabwadu and Kanyemba had similar low proportions of dry 
matter, yet contrary to expectations Kanyemba displayed a high depredation level. Crocodile 
nests have been found in a wide variety of substrate types from river sand, silt/loam, rocky spoil 
as well as within a range of vegetation types including shrubs, grass, woody vegetation and 
exposed areas (Hutton 1984, Kushlan and Mazzotti 1989, Swanepoel et al. 2000). This does 
imply that a key environmental variable associated with nest depredation was not identified. 
 The proportion of dry matter had a significant effect on the likelihood of a depredation 
event occurring. Although dry matter influenced the time to the depredation event, the 
combined effect of all the ground based habitat characteristics (ground cover) had the strongest 
effect. Although dry matter and ground cover were found to be important, there is large amount 
of unexplained spatial variance (again suggesting that an important factor was missed). This 
study concentrated on habitat characteristics being the primary indicator for the likelihood of 
depredation. However, it appears that other unmeasured factors could also be affecting the rate 
of depredation. Some of these could include the population density of water monitors, monitor 
prey density, temperature and presence of other animals/humans.     
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 The proportion of dry matter was the only environmental variable that significantly 
affected the likelihood of depredation. Monitor lizards are adept foragers and spend a 
disproportionate amount of time investigating areas that may hold potential food sources 
(Losos and Greene 1988). Areas with a higher proportion of dead wood and leaf litter provide 
refuge for much of the prey included within the monitor lizard’s diet, including orthopterans, 
beetles, lizards, frogs, birds and reptile eggs (Losos and Greene 1988). This could explain the 
increased likelihood of depredation in such areas due to the water monitor identifying this type 
of patch as containing potential prey. The additional ground cover may also act as camouflage 
for the water monitor as foraging in these areas could reduce the risk of being depredated, by, 
for example, a crocodile. When a nest was depredated, there was no evidence of digging in the 
wrong direction or experimental digging nearby, concurring with other studies that once a nest 
is located, the loose sand above the egg clutch and the associated olfactory cues act as a guide 
(Leighton et al. 2009).  
 
Nest depth 
 An assumption of the burying of resources, be it a food cache or eggs, conceivably reduces 
the risk of depredation but the success of this strategy depends on the ability of the predator to 
detect the buried resource (Vander Wall 2000, Geluso 2005). However, no significant difference 
was found between shallow or deep nests in either the likelihood or time to depredation. The 
water monitor probably uses depth-independent cues to locate nests, such as sand disturbance, 
this has been recorded for other oophagus species (Leighton et al. 2009). 
 
Time to nest death and survivorship 
 Few crocodilian studies report the time it takes for depredation of a nest. The survival 
analysis model indicated that nest survivorship experienced the largest decrease during days 6 
to 14. This corresponds with the intensity of the visual and olfactory cues of the simulated nest 
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decreasing over time. The findings of this study concur with those of gharial (Hussain 1999) and 
turtle egg depredation (Snow 1982, Leighton et al. 2009), suggesting that cues for nest 
depredation are primarily visual, tactile or olfactory i.e. recently disturbed soil and egg scent.  
 The relationship between time to nest death and distance to water is contrary to 
expectations, assuming that the water monitor (a semi-aquatic varanid) would depredate nests 
closer to the river at a higher rate (Hussain 1999, Gopi et al. 2007). It does show however, that 
the water monitor is able to forage at a distance from the river, as the furthest nest depredated 
was 68.0m from water. The simulated nests were within the range of reported wild nests, 
although the majority are found within 20m of the nearest water (Kofron 1989, Bourquin 2007), 
an average of 137m (maximum distance of 1,000m) was reported for the Okavango panhandle 
(Shacks 2006). 
 
Potential sources of error 
 Although the depredation rates appear to be within reported parameters, we admit that 
there are some factors that must be taken into consideration when interpreting the results. One 
factor that requires serious consideration is that we were forced to terminate the experiment on 
day 40 instead of continuing for the planned 90 day incubation period. Therefore the estimates 
derived are based on a study that accounted for approximately half of the actual time. Although 
the rate of depredation in Figure 2.2 appears to be plateuing, further investigation is required to 
ascertain this trend for the entire 90 day period. 
 The simulated nests did not control for an adult female crocodile guarding the nest. This 
may only be an important consideration if the visual cue of an attending female is the primary 
factor for nest location, which assumes that the water monitor associates attendance with 
buried eggs. It has been reported that the attendance of a crocodilian at a nest site is to guard 
the nest against potential predators (Pooley 1974, Kushlan and Kushlan 1980). The water 
monitor uses both visual and olfactory cues to locate prey (Mayes et al. 2005). Although it has 
been reported that the female will defend the nest, attendance by the female at the nest will 
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only constitute a proportion of the day. Crocodiles thermoregulate by alternating between land 
and water, sun and shade, depending on ambient temperatures, which during October in the 
Chiawa GMA varies between 17.6– 36.7oC (worldclimate.com). During summer, crocodilians 
have been shown to regulate the upper body temperature limit between 28.4 - 33.6oC (Grigg et 
al. 1998). It is possible that the water monitor may depredate the eggs when the female moves 
off during the hottest part of the day. When the female leaves the nest to cool down in the river, 
olfactory or tactile cues may then allow the water monitor to locate the exact spot of the nest. 
The presence of the attending female could increase the likelihood that a water monitor 
investigates the area when leaving the nest, but also reduces the amount of time available for 
depredation to occur (an interesting trade-off). It is doubtful that monitor lizards attempt to 
depredate nests with the presence of an attending female, although racoons have been reported 
predating alligator nests, undisturbed by the attending alligator (Joanen and McNease 1989). 
Depending on the foraging behaviour of the water monitor, the lack of an attending female may 
not have unduly biased the study. Further studies could ascertain the importance of these visual 
and olfactory cues as factors in nest survivorship.  
 Predator learning and spatial memory have been suggested to have an effect on 
depredation rates (Nellis and Small 1983). The frequency of depredation can increase with nest 
age, indicating that predators will often re-visit previously explored sites (Sonerud 1985). 
Crocodilians are known to have a degree of site fidelity and nest sites locations are used in 
consecutive years (Elsey et al. 2008) albeit not necessarily by the same female (Detoeuf-Boulade 
2006). This may have led to a degree of underestimation as the selected sites were deemed to 
fall within reasonable parameters for a crocodilian nest site, but were not actual nest sites. The 
detection of the sites in this experiment by a predator would have relied on factors other than 
that of memory. 
 Ideally the experiment should have been conducted over the entire length of the Nile 
crocodile 90 day incubation period (Cott 1961). This was not possible due to logistical problems 
which prevented travel to the nest sites, leading to the experiment being terminated at day 44. 
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Camera traps would have been useful to reduce human activity at the nest sites and to ascertain 
the exact time of depredation. The recording of site characteristics of actual nests could be used 
to ascertain the validity of the simulated nest as a representation of an actual nest. The hourly 
recording of nest site temperatures could be used to estimate the proportion of time that the 
crocodile spend attending the nest. Despite these advisory remarks for future studies, the 
present study did show results in accordance with previous research.  
 
Management considerations 
 The survivorship of eggs often includes a high degree of variation between populations 
and in areas subject to harvesting and with no re-introduction programmes may affect long 
term recruitment. The decision to construct simulated nests has yielded some interesting 
results and although some factors still need to be addressed, these data provide useful baseline 
information regarding depredation rates in the Chiawa GMA. An effort was made to make the 
nests as ‘natural’ as possible in areas representative of actual crocodile nesting territory.  
 The practice of egg collection is possibly the easiest and most cost effective option 
available for stocking a crocodile farm. The collection of eggs within 24 hours of oviposition is 
preferable as this can maximise the number of available nests before they become depredated 
(Elsey and Trosclair 2008). Early artificial incubation can determine the sex, enhance hatching 
rates and initial development of the young (Bolton 1989). Eggs collected soon after oviposition 
and incubated at an optimal temperature produce larger hatchlings as diurnal temperatures 
fluctuate in the wild, which can result in an economic benefit for the crocodile farmer (Smith 
and Webb 1985, Elsey and Trosclair 2008). However, collection this early is not always possible 
and after this initial period the embryo begins to develop and movement of the egg can destroy 
the embryo and membrane (Bolton 1989). An alternative is collection after at least 21 days, 
when care must still be taken or after 50-60 days – a practice recommended to crocodile 
farmers in Zimbabwe (Blake 1982). 
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 No actual crocodile nests were found during the process of reconnoitring areas suitable to 
construct simulated nests, nor were any depredated nests, either from natural predators or 
collection by crocodile farmers. Although it should be noted that this was not an intensive 
nesting survey, the three selected areas constituted only a very small proportion of the Chiawa 
GMA river frontage. Much of the mainland and some islands in the area have now been devoted 
to agricultural activities which extend to the river edge. The number of lodges and increased 
human activity at the river fringe reduces the amount of available habitat suitable for crocodile 
nesting. Habitat loss and fragmentation have been shown to have an effect on increased rates of 
nest depredation in many species including birds, turtles and crocodilians (Dion et al. 2000, 
Platt and Thorbjarnarson 2000b, Marchand and Litvaitis 2004).  
 Management strategies are often based on the analysis of population models.  Arguments 
about the population dynamic consequences of egg-collection are often made based on 
sensitivity or elasticity analysis (Smith and Webb 1985). Ideally the proportion of nests 
harvested from the wild population would be useful information but currently there are no 
published data concerning this, which would also assume that 100% of the wild nests could be 
found.   
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Conclusion 
 This study has provided an initial insight into depredation rates of nest sites, which are 
influenced by vegetation characteristics. The proportion of dry matter at a nest site did elevate 
the likelihood of depredation and these sites were also depredated sooner than those more 
exposed. During the initial 24 hour period, depredation is low, with a considerable increase 
after day 6. If a range of nest sites are available, thought should be given to the type of nests 
from which eggs are collected. Nest sites are often re-visited in subsequent years by crocodile 
farmers and knowledge of the local geography is often well known by the collection team. 
Collection effort should concentrate on nest sites which show substrate and vegetative 
characteristics that indicate a higher risk of depredation. If these nests are collected during the 
first 24 hours, the more nests in the open areas could be left untouched or collected at a later 
date as they have a higher probability of surviving. The monitoring of nest sites to establish the 
initial day of oviposition is difficult. By employing local guides, the collection teams could be 
alerted and the nest harvested. This in turn would provide an economic incentive to the local 
populace who often do not benefit from the conservation of the Nile crocodiles, as well as 
increasing the harvesting rate and decreasing the mortality of eggs during collection and 
transportation. Such community based conservation projects have been shown to have a 
positive effect for all parties involved (Campbell et al. 2007). Although a simplistic model such 
as the one presented here can be useful for predicting the proportion of crocodiles that should 
be included in a re-introduction strategy, ultimately its incorporation into a more specific 
demographic model would yield further valuable results. 
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Chapter 3 : Population size and structure of the Nile crocodile, Crocodylus 
niloticus, in the lower Zambezi valley 
 
Abstract  
 Concern has been raised about the lack of population data regarding the Nile crocodile, 
Crocodylus niloticus, in the lower Zambezi valley. This area is important for conservation as well 
as a source of crocodile eggs and adults for the ranching industry. Two spotlight surveys, in 
2006 and 2009 are used to estimate population trends, size and structure. A stage structured 
matrix model is parameterised from existing literature and the expected predictions are 
compared to those observed. The survey data suggests a population increase since 2006. 
Crocodile density was greatest (5.4 crocodiles/km) in the areas of increased wildlife and habitat 
protection and lowest (0.9 crocodiles/km) in areas of increased human presence. The predicted 
population size structure differed to that observed, suggestive of a population not at 
equilibrium. Data detailing crocodile egg and adult off-take would be useful to hypothesise as to 
why this is the case. Continued monitoring of the wild population is necessary to evaluate the 
trend of an increasing crocodile population and additional demographic data for modelling 
purposes would be desirable. 
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Introduction 
 Crocodilians fulfil an essential role in the ecosystem (Mazzotti et al. 2009) and have 
inherent commercial value through both the leather industry (Hutton et al. 2001) and tourism 
(Telleria et al. 2008). Overexploitation and habitat loss can cause population crashes leaving 
some populations potentially vulnerable (Bishop et al. 2009) or critically endangered 
(Ballouard et al. 2010) and facing extinction (Webb and Carrillo 2000). Conservation efforts 
have allowed some populations to recover (Webb et al. 2000). Sustainable utilisation of 
crocodilian populations is possible and some species do show resilience to harvesting 
techniques (Velasco et al. 2003). Habitat loss (Thorbjarnarson et al. 2002) and human crocodile 
conflict (McGregor 2005) are also pressuring crocodilian conservation. The multitude of threats 
is a grave concern and monitoring populations is a critical process in the management plan of 
any species.  Despite this, of the many crocodilian surveys throughout Africa, only a small 
percentage allow for estimation of population trends due to temporal, spatial and 
methodological inconsistencies (Lainez 2008), therefore the status of crocodiles in Africa is not 
well characterised.  
 Spotlight surveys are the most commonly used technique for evaluating crocodile 
populations and trends over time. Difficulties encountered during such surveys can range from 
physical access to areas, technical bias such as observer skill and boat speed (Cherkiss et al. 
2006), as well as environmental variables such as water level and temperature (Hutton and 
Woolhouse 1989). The technique can underestimate populations because of to these difficulties 
as well as because of the cryptic nature of the crocodile (Bayliss et al. 1986, Hutton and 
Woolhouse 1989). Therefore the results of spotlight surveys are often interpreted as a 
population index. The real population size is often unknown as complete counts of an entire 
study site are rarely possible. Population indices are estimated from incomplete counts that 
may incorporate correction factors (Hutton and Woolhouse 1989, Fergusson 2006). Repeated 
standardised spotlight surveys are the most common form of crocodilian population monitoring 
(Seijas and Chavez 2000). If the bias cannot be controlled, then as long as it is consistent, the 
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population index will remain relative to the true population count and inferences can be made 
from the population index of subsequent years of surveys to establish population trends. The 
estimate should be treated carefully, but are still the primary indicator of population status for 
crocodilians. 
 The Nile crocodile in Zambia and Zimbabwe is considered ‘Lower Risk/least concern’ by 
the International Union for the Conservation of Nature and Natural Resources Red list (IUCN 
2010b). It is listed on Appendix II of the Convention on Trade in Endangered Species of Wild 
Fauna and Flora (CITES) - a species not necessarily threatened with extinction but may become 
so unless trade is closely controlled. The wild crocodile population in Zambia and Zimbabwe 
remains an important resource for the crocodile farming and ranching industry through the 
harvesting of eggs and adult breeding stock. It has been noted that continuation of this policy 
with a lack of baseline scientific data may have a detrimental effect on the wild population 
(Siamudaala et al. 2004).    
 If the wild population can be estimated, it is useful then to compare the results to a 
theoretical model, as this can provide insight into whether the study population is typical of 
other populations of the same species. Such insight can help inform management plans. 
Population models have been developed for numerous crocodilian species (Smith and Webb 
1985, Craig et al. 1992, Tucker 2001, Gallegos et al. 2008). One of the simplest models used to 
predict growth rates and stable size structure is a discrete class-structured model (Caswell 
2001). The model allows for predictions of the growth rate, class structure, reproductive input 
and sensitivity analysis (Caswell 2001). Analyses of these models conclude that perturbations to 
the survivorship of the mature breeding size class (perhaps by trophy hunting) have a greater 
effect on population growth than that of perturbations at the egg stage or smaller size classes. 
This demographic analysis can offer valuable information for the management of species from 
conservation to sustainable harvesting (Craig et al. 1992, Tucker 2001). 
 This study takes the form of a follow-up survey to one completed by Fergusson (2006) 
and so replicates the methodology and crocodile size classifications to ensure consistency. The 
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objectives of the study were to: i) compare the spotlight survey from 2006 to a survey 
completed in 2009; ii) to parameterise a stage-structured matrix model for Crocodylus niloticus; 
iii) to compare the predicted population structure from the model to that observed in the wild. 
The results are then discussed in terms of management recommendations. 
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Methods 
Study area  
 The stretch of Zambezi River between Kariba dam and Cahora Bassa has been termed 
both lower and middle Zambezi, hereafter we refer to this area as the lower Zambezi. The area 
has a distinct wet season from November to April, followed by a cool/dry season (May to July) 
and a hot/dry season (August to October). The lower Zambezi study area (Figure 3.1) extends 
from Nyamumba at the western extreme to the confluence of the Zambezi/Luangwa River 
(Kanyemba) to the East, approximately 270 km long following the main Zambezi channel. The 
lower Zambezi River is relatively shallow and wide with occasional islands, it meanders 
between flood plains on either side. The river is navigable although sandbars can restrict travel 
by boat in certain areas. The Kafue River and Luangwa River are the only two major tributaries 
that enter the Zambezi. Due to its size and navigability, the Luangwa River was not surveyed. 
The lower reaches of the Kafue River were surveyed (20km upstream of the confluence) where 
shallow rapids prevented further upstream travel.   
 The Lower Zambezi study area can be sub-divided into 8 distinct local regions of varying 
degrees of wildlife/habitat protection which also correspond to human habitation and 
development (Appendix 1). The human population is highest along the Zambian riverbank, 
being most concentrated in Chiawa Game Management Area (GMA) and the Siavunga Open Area 
which both allow human settlement and agricultural practices. There are several tourist and 
hunting lodges along the entire length of the Zambezi River in both Zambia and Zimbabwe. The 
lower Zambezi valley is part of the African Wildlife Foundation heartlands which includes 
protected areas such as the Lower Zambezi National Park, Mana Pools World Heritage site and 
various safari and game management areas. To maintain consistency with the previous 2006 
survey, the study site is separated into two main sections, the eastern section which includes 
the National Parks - Kanyemba to Ruckomechi (the upstream border of Mana Pools) and the 
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western section - Ruckomechi to Nyamumba which has a lower overall level of wildlife/habitat 
protection and a higher level of human population and agricultural development.  
 
 
 
Figure 3.1 The lower Zambezi study site. The main Rivers (Zambezi, Kafue and Luangwa) are 
indicated by the thickest lines. The Zambezi River forms the international border between 
Zambia and Zimbabwe. Acronyms indicate Open Area (OA); Game Management Area (GMA); 
Safari Area (SA). 
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Spotlight survey  
 A nocturnal spotlight survey was used to census the population using a 5m swamp cruiser 
boat powered by a 60hp outboard motor. Crocodiles were located at night by eye-shine using a 
500,000 candle-power spotlight beam during September as this was the month of the previous 
spotlight survey. The 2009 survey was undertaken travelling upstream (8-12km/h) along the 
Zimbabwean and Zambian riverbank, the spotlight beam was traversed through an arc of 180o 
illuminating the riverbank and main channel. The upstream direction was decided for safety 
reasons and boat control. The survey was timed to coincide with the new moon phase (the 
darkest period of the month). The weather was cloudless with calm river conditions, good 
visibility and the air temperature 27.3+0.1 (mean+SE ) exceeded water temperature 24.7+0.1 
(mean+SE) indicating optimal spotlighting conditions (Hutton and Woolhouse 1989). The water 
level was low prior to the wet season from November to April when the water level peaks. The 
same experienced spot lighter and coxswain were used for each nightshift during the entire 
survey.  
 Only one survey boat and crew were available and therefore only one bank could be 
surveyed at a time due to the width of the river (~500m). The Zimbabwe riverbank was 
surveyed first (4 days), then Zambia (5 days; the additional day being used to survey the lower 
reaches of the Kafue River). Each local region of the study site constituted a consecutive night 
survey. The main bank was followed at a distance of between 5 - 10m, where possible islands 
were circumnavigated. Crocodiles sighted were approached as closely as possible to ascertain 
the total length (TL); 7x the length of the head (Hutton 1987) and confirmed by our own 
capture survey morphometric measurements 7.1+0.11 (mean+SE). When a crocodile 
submerged before the observer could estimate the size, the sighting was recorded as ‘eyes-only’. 
A global positioning system (GPS) was used to map locations and routes. Crocodiles were 
separated into three distinct size classes following Fergusson’s (2006) study - juvenile TL <1m; 
sub-adult TL 1-2.5m; adult TL >2.5m. The smallest size-classes, hatchlings and yearlings (TL 
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>0.5m), were excluded from the analysis due to their high mortality and low overall 
contribution to the population (Craig et al. 1992). 
 
Repeated area surveys  
 Between September 2007 and November 2009 spotlight counts were conducted as part of 
a capture study using the spotlight technique described above and accepted crocodile capture 
methods (Webb and Messel 1977). Crocodiles that were seen but not caught were recorded 
with a size estimate when possible. These data are used to validate the spotlight survey by 
providing repeated surveys of the same sections of river, and to estimate the sex ratio of the 
population from captured animals.  
 
Analysis  
 Google Earth (Version 5.2.1.1588) and ArcGIS (9.3.1) were used for mapping and 
measurement of the study site riverbank frontage. This included the main riverbank of Zambia 
and Zimbabwe as well as the perimeter of all islands. Statistical analyses were performed using 
R version 2.10.1. Linear regression was used to investigate correlation between levels of 
protection/habitation and crocodile density. The areas were assigned values 0,1,2,3 according 
to no, low, medium and high wildlife/habitat protection which corresponds to high levels to no 
permanent human habitation. These were 0 - Siavunga open area; 1 - Kafue River; 2 - Chiawa 
and Rufunsa GMA’s; 3 - Hurungwe, Sapi and Chewore safari areas, LZNP and Mana Pools. The 
value was used as an explanatory variable for crocodile density (crocodiles/km). Spotlight 
surveys are renown for underestimating the population, to correct for this, linear regression 
was used to investigate correlations between the maximum number of crocodile sightings in the 
sections (over a period of 6 to 20 repeated surveys) and the number of crocodiles seen during 
the spotlight survey for that same section. As the spotlight data consisted of count data, 
57 
 
comparisons of crocodile population structure between areas, surveys and the matrix model 
were made using contingency tables.    
 
Matrix model parameterisation  
 The Nile crocodile life cycle was separated into 4 ontogenetic categories (following those 
of Fergusson’s survey in 2006) to estimate stage-class in order to construct the matrix model. 
Stage 1, represents the first year when individuals that hatch enter a phase of high predation 
(TL <0.5m). Stage 2 represents the immature juvenile stage lasting 2 years when the animals 
enter a period of reduced predation (TL 0.5-1.0m). Stage 3 represents the immature through to 
early mature sub-adult stage lasting 19 years (TL 1.0-2.5m). Stage 4 represents the adult age-
class where animals enter the main reproductive portion of the population (TL >2.5m), lasting 
approximately 28 years completing the assumed 50 year life cycle in the wild. The survivorship 
values are distributed between the potential of an animal surviving and moving from one stage 
to the next (  ) or surviving and remaining in the same stage (  ). Here we use the duration of 
each stage (  ) and overall stage-specific survivorship (  ) following methods of Caswell (2001): 
 
The transition matrix for the stage classification is:  
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   = (PF).(EPC).(NE).(PR).(φ) 
 
   = (duration sub-adult is reproductive/total years sub-adult).   
 
   
        
          
          
          
  
 
 Demographic parameters for the matrix were obtained from existing literature (Appendix 
1). Adult reproductive rate (  ) depended on PF, the proportion of females in the population 
(0.54); EPC, mean eggs per clutch (45.48); NE, nest effort or proportion of reproductively active 
females that breed and nest (0.66); PR, proportion of eggs depredated (0.45); φ, survivorship of 
adults (0.98). The minimum size of a female breeding Nile crocodile is ~2.3m total length at ~15 
years of age, which falls within the later part of the sub-adult stage. To maintain consistency 
with the 2006 survey the sub-adult reproductive rate (  ) was calculated as the proportion of 
time reproductively active (TL 2.3 - 2.5m, the last 4 years of the sub-adult class) as a function of 
  . Growth rates were derived by combining growth data across male and female Crocodylus 
niloticus (Hutton 1984, Games 1990) and survivorship values estimated from a study by 
Bourquin (2007). Sensitivities and elasticities were calculated as was the stable age-distribution 
and lambda. 
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Results 
Spotlight survey  
 A total of 1761 crocodiles were encountered during the spotlight survey in 2009, a third 
(33.8% n=595) were classed as eye’s only sightings. The size class structure was skewed 
towards the smaller size classes (  =194.7 P<0.01 d.f=2), 51.5% were juveniles (n=601), 29.7% 
sub-adult (n=346) and 18.8% adult. During the capture surveys, a total of 505 individual 
crocodiles were caught; n=79 (15.7%) yearlings; n=311 (61.6%) juveniles; n=112 (22.2%) sub-
adults; n=4 (0.6%) adults. The overall sex ratio of captured individuals was 52.8% male and 
47.2% female. Crocodiles that were not caught were recorded as eyes-only and accounted for 
36.9% of the total sightings. There was a strong correlation between the number of crocodiles 
sighted during the spotlight survey and the maximum number sighted for that particular section 
during the repeated area surveys (r2=0.93 P<0.01 d.f.=6). Overall the spotlight survey recorded 
0.84+0.05 (mean+SE) of the maximum number of crocodiles seen in the same areas determined 
by the capture surveys. 
 Assuming random and non-selective spotting and catching, both surveys (spotlight and 
capture) would be expected to show similarities in the proportions of size classes seen. 
However, there were differences between the overall proportions of the size classes identified 
in the spotlight survey and the capture surveys (  =235.3 P<0.01 d.f.=3). The spotlight survey 
recorded more adults (12.4%) than the capture surveys (7.7%) and fewer sub-adults (19.6% 
and 30.1% respectively). The two surveys did record similar eyes-only (33.8% and 31.2%, 
spotlight and capture respectively) and juvenile (34.1% and 31.1%) sightings. 
 The crocodiles were not equally distributed throughout the study site showing 
considerable variation in encounter rates for the different areas (Table 3.1). Crocodile density 
increased in areas with higher protection (r2=0.79 P=0.01 d.f.=7), from Siavunga open area (0.9 
crocodiles/km) to Mana Pools (5.4 crocodiles/km). The population structure of the two main 
river sections differed in both the 2006 and the 2009 surveys (Table 3.2). The overall 
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proportion of crocodiles sighted (including eyes-only) in the eastern section were similar, 
81.3% in 2006 and 81.5% in 2009, the western section was 18.7% and 18.5% respectively. The 
2009 measurements of riverbank indicate that the eastern section had a greater amount (67%) 
than the western section (33%). The approachability of crocodiles did not differ greatly 
between the eastern and western areas during 2006 (eye’s only sightings 50.4% and 41.3% 
respectively) and 2009 (34.9% and 32.9%).  
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Table 3.1 Demographics of Crocodylus niloticus within the local regions of the lower Zambezi valley estimated from a spotlight survey in 2009. 
Protection is an approximation of wildlife/habitat protection. Riverbank is the main shoreline and does not include islands due to the difficulty in 
determining if they are Zambian or Zimbabwean. 
 
Country Local Region  Protection Juvenile 
 
(%) 
Sub-
adult 
(%) 
Adult 
 
(%) 
Eyes-
only 
(%) 
Crocodiles 
seen 
(n) 
River 
bank 
(km) 
Crocodile 
density 
(Crocodile/km) 
Zambia 
Siavunga Open Area  None 54.7 15.1 5.7 24.5 53 56 0.9 
Kafue River Low 61.0 16.9 8.5 13.6 59 40 1.5 
Chiawa Game Mangement Area  Moderate 56.8 14.2 8.0 21.0 162 58 2.8 
Lower Zambezi National Park  High 32.8 9.6 25.5 32.2 491 107 4.6 
Rufunsa Game Management Area  Moderate 66.7 8.3 8.3 16.7 36 30 1.2 
Zimbabwe 
Hurungwe Safari Area  High 40.3 15.1 9.7 34.9 186 80 2.4 
Mana Pools  High 12.2 12.5 27.5 47.9 353 66 5.4 
Sapi Safari Areas  High 46.8 8.2 5.7 39.2 158 33 4.8 
Chewore Safari Areas  High 44.5 20.9 4.2 30.4 263 74 3.6 
Total  (or mean*)  46.2* 13.4* 11.5* 28.9* 1761 544 3.0* 
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Table 3.2 Percentage of Crocodylus niloticus size classes (including unclassified ‘Eyes-only’ 
sightings) in the lower Zambezi River. The size structure of the sections is compared using Chi-
squared contingency tables (  ). Year indicates the time of survey. The western section includes 
the area between Ruckomechi and Nyamumba (263km of riverbank), the eastern section spans 
from Kanyemba to Ruckomechi (504km of riverbank). Total number of crocodiles seen is 
denoted by n. 
 
Year Section Size Category (%) n    d.f. P 
  
Juvenile Sub-adult Adult Eyes-only 
    
2006 
Western 47.6 8.1 2.8 41.5 246 
15.7 3 <0.01 
Eastern 22.8 8.5 16.7 52.0 1124 
2009 
Western 38.2 22.3 6.6 32.9 319 
77.3 3 <0.01 
Eastern 32.3 18.9 14.0 34.9 1383 
 
  
 Crocodile density differed between the two surveys due to a disparity in bank length 
measurements for the same sections. The eastern section was measured as 268.9km in 2006 
and 599km in 2009, the western section as 207.5km and 295km respectively. For the purpose 
of comparison the 2006 corrected population estimate is used with the 2009 riverbank 
measurements the crocodile densities show an overall increase from 2.2 crocodiles/km in 2006 
to 2.5 crocodiles/km in 2009. The eastern section had a slight increase from 3 crocodiles/km to 
3.1 crocodiles/km and the western section 0.6 crocodiles/km to 1.4 crocodiles/km. The final 
corrected population estimate (Table 3.3) in 2009 was ~2257 crocodiles, The 2006 estimate 
was ~1984. During the 3 years the western section had a larger increase in the number of 
crocodiles (29.7%) than the eastern section (23.0%).  
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Table 3.3 Population estimates of Crocodylus niloticus of the lower Zambezi River based on a 
spotlight survey. Riverbank is the actual shoreline of the mainland and islands. Correction for 
riverbank is the percentage of riverbank omitted during the survey. Correction for survey 
estimated using data of repeated surveys of the same sections. 
 
 
Western section Eastern section Overall 
Riverbank (km) 263 504 767 
Absolute numbers seen 319 1383 1702 
Sightings classified 67.1% 65.1% 65.5% 
Un-surveyed riverbank (km) 32 95 127 
Correction for riverbank +12.2% +18.8% +16.6% 
Correction for survey +16.0% +16.0% +16.0% 
Corrected total crocodiles 409 1864 2257 
Corrected crocodiles/km 3.7 1.2 2.2 
 
 
Matrix model  
 The population size structure of both the 2006 survey and the 2009 survey differed from 
that predicted by the matrix model. A much lower proportion of juveniles and a higher 
proportion of sub-adults were estimated by the matrix than was seen on either spotlight survey 
throughout the entire study site as well as the western and eastern sections (Figure 3.2). To 
achieve the observed population structure, it was necessary to perturb the matrix parameters to 
a substantial (and unrealistic) extent by reducing sub-adult survivorship to 0.60 (lambda = 
0.97). Increasing juvenile survival to represent a higher percentage of that stage class in turn 
increased the larger size classes. The unperturbed matrix predicted a lambda of 1.05 which is 
feasible given the observed population growth rate of the 2006 to the 2009 spotlight survey 
estimates (~1.04). The reproductive values increased with body size, yearling (0.8%), juvenile 
(6.9%), sub-adult (33.3%) and adult (59.0%). The predicted stable stage structure was 66.9% 
yearling, 11.1% juvenile, 15.6% sub-adult and 6.5% adult. If the predicted proportion of 
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yearlings is excluded from results when the stage structure is compared to that observed from 
the spotlight surveys - because the survey was conducted during September and by this time 
the youngest crocodiles (hatching during December and January) would have grown into the 
juvenile size class. The stage structure became 33.4% juvenile, 47.1% sub-adult and 19.5% 
adult. The elements in the sensitivity matrix (Table 3.4) indicate growth from the sub-adult 
stage to the adult stage has the highest sensitivity (0.89) with sub-adult persistence (0.45) and 
probability of growing (0.34) and remaining an adult (0.34) exhibiting the highest elasticities. 
Expected number of replacements was 3.2 per individual and the mean age of a reproductively 
active female was 35.0 years. 
 
 
 
 
Figure 3.2 Size structure comparison for Crocodylus niloticus from two spotlight survey counts 
(during September of 2006 and 2009) and a stage-based matrix model. Overall indicates the 
pooled data of the entire lower Zambezi study site which is the sub-divided into a western and 
eastern area. The percentage of juveniles are indicated by the black bar; sub-adults by the grey 
bar and adults by the white bar. 
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Table 3.4 Sensitivity and elasticity values for Crocodylus niloticus matrix elements, yearling, 
juvenile, sub-adult and adult size classes. The potential of an animal surviving and moving from 
one stage to the next ( i); surviving and remaining in the same stage ( i); reproductive rate ( i). 
 
Matrix Sensitivity Elasticity 
        
  
0.01 0.00 
  
0.02 0.03 
        0.45 0.07 
  
0.05 0.02 
          
 
0.36 0.50 
  
0.05 0.45 
         
  
0.89 0.37 
  
0.03 0.34 
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Discussion 
 The lower Zambezi crocodile population size reported here in the absolute counts 
represents a minimum estimate. Spotlight surveys tend to underestimate actual densities 
because of habitat features and crocodilian behaviour. The use of correction factors is an 
attempt to estimate the actual population size given biases involved with the survey technique. 
Nonetheless it appears that the lower Zambezi crocodile population has increased since 2006. 
The observed and predicted lambda are close yet the observed population structure differs 
from that expected in the matrix model given the demographic rates published in the literature.  
 Although the biases of spotlight surveys have been alluded to, we are confident in our 
estimations and comparisons to the previous survey in 2006. A two boat survey (one for each 
bank) would have been the ideal Zambia-Zimbabwe survey but logistical reasons prevented 
this. We therefore assume there is no bias in animals crossing from one side to another i.e. 
Zambia to Zimbabwe, because we expect each crossing to be cancelled by another in the 
opposite direction. More crocodiles are observed at lower water levels and when water 
temperature exceeds air temperature (Hutton and Woolhouse 1989). Both these requirements 
were satisfied. The spotlight survey results were similar to that of the maximum number of 
crocodiles realised by the repeated capture surveys. 
 Similar proportions of crocodiles were sighted in the two different sections (~81% in the 
eastern section and ~19% in the western section) of the Zambezi in both spotlight surveys. 
Crocodile density was highest in the eastern section characterised by increased wildlife/habitat 
protection. This could be indicative of the positive influence of protected areas for conservation. 
The rate of population increase was lower in the eastern section than the western section, 
however, the population density there is also highest. There is a possibility of density dependant 
factors controlling population growth, which has been alluded to in other studies (Velasco et al. 
2003).  
 A deterministic matrix predicts that a population converges to a stable stage distribution.  
In the wild, populations are not deterministic, but we still might expect a population fluctuating 
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around equilibrium to have a structure close to that predicted by a deterministic model. The 
large disparity between prediction and observation suggests either (a) a problem with the 
model, (b) a population a long way from equilibrium or (c) some bias in the data (eyes only). 
 The size class structure of the eastern section shows similarities in both the 2006 and 
2009 surveys. The largest disparities are within the western section. The large proportion of 
eye’s-only sightings on both surveys makes it difficult to draw accurate conclusions. The size 
and therefore the size class allocations of a third of sightings were not obtained and so it is 
difficult to account for these animals. It is possible that these are the larger, more wary animals 
but this is difficult to prove. Previous studies have indicated that recapture probabilities 
decrease with increasing crocodile size (Bourquin 2007). It is suggested that this is due to 
human observation including capture and release techniques (Ron et al. 1998) i.e. The 
crocodiles that avoid detection are those most likely to survive. The western section is the most 
exploited (although regulated by the wildlife departments of Zambia and Zimbabwe) part of the 
lower Zambezi study site due to crocodile ranching and hunting. Although exploitation does 
occur in the Zambian Rufunsa GMA as well as the Zimbabwean safari areas, the overall level of 
protection for the eastern section is higher. Crocodile ranching quotas ordinarily stipulate eggs 
and breeding adults (mainly females) and trophy hunting includes the larger animals. Data on 
the actual off-take and locations are unavailable but may shed light on the difference between 
the population age-classes.  Disparities such as this could be due to other forms of disturbance 
to the population which could include habitat issues. The Chiawa GMA (part of the western 
area) has an increasing human population and agricultural activities. This could reduce 
available basking and nesting areas as well as increasing potential harassment due to increasing 
encounter rates with people. 
 The western area which is subject to harvesting of adult crocodiles did not affect the 
wariness of crocodiles, as the hunting/harvesting and survey techniques are similar. Although 
eye’s only sightings were highest in the eastern area, this may have been due to physical 
limitations rather than crocodile wariness. Navigation in the eastern area was more difficult 
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(especially in the LZNP and Mana Pools) due to shallows, sand bars, submerged obstacles and a 
higher density of potentially dangerous animals such as hippopotamus, hippopotamus 
amphibious. 
 If we assume that the size structure estimates are accurate and that the population is not 
subject to duress then the observations would show a trend towards the matrix predicted stable 
stage structure. This would require a reduction in the juvenile size class, increase in sub-adult 
class and reduction in adult class. This is seen when comparing the 2006 to the 2009 survey the 
population appears to be drifting towards the theoretical stable stage. This is also seen when 
looking at the separate western and eastern areas. The difference between the two spotlight 
survey sections is quite apparent when comparing them to that of the prediction. The eastern 
area is more similar to the prediction than then western area which is characterised by a very 
large proportion of smaller crocodiles. This could be explained by an off-take of larger animals, 
skewing the size-structure towards the smaller size classes. It is not known if this population 
has suffered a major perturbation in the past, if it was there is no documentation. However the 
area is subject to ZAWA sanctified harvesting of crocodile eggs and adults. Therefore it is 
difficult to estimate how many years the population would require to reach an equilibrium 
given the population structure in 2006.  
 A high sensitivity value indicates that an independent change in that matrix element could 
cause a considerable change in the expected population growth rate. This was found to occur in 
the transition phase from sub-adult to adult at ~2.5m total length (~22 years). This size of 
animal would be desirable for crocodile farming, small enough to capture, reproductive prime 
with enough expected remaining life expectancy to adjust to captivity. This suggests that the 
targeted animals are within the class that has the greatest potential to impact the population. 
Elasticity predicts the proportional change in the growth rate given a proportional change in the 
matrix element, while all other elements remain constant. The highest elasticity values are 
remaining in the sub-adult and adult stage (TL 1.0-2.5m). This finding concurs with previous 
models that predict that the harvesting of larger animals, especially those at sexual maturity, 
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will have a disproportionately large effect on the population rate of change (Enneson and 
Litzgus 2008). The sensitivity and elasticity values are lowest for the fecundity rate and the 
smaller life history stages, agreeing with current management strategies that removal of eggs 
and hatchlings from the wild will have the least effect on the growth rate of the wild population. 
Elasticity values are a useful for ecologists formulating conservation plans but need to be 
interpreted with considerable care (Mills et al. 1999), because they assume the effects of 
perturbing a demographic rate is linear and the model assumes no density-dependence or 
environmental stochasticity. Typically matrix elements with high elasticity values are targeted 
by management plans as a high priority with less emphasis placed on those elements that have 
low rates.  In density dependent models a perturbation to one element will in turn affect all 
other matrix elements. Results of perturbations in the natural system can differ substantially 
from predictions. In addition, certain age/stage classes may be more or less susceptible to 
conservation measures and may react unpredictably. The matrix represents a deterministic 
theoretical population and in the natural environment there are many factors that can influence 
the population have not been included in this simulation. Factors such as temperature-
dependent sex determination, density dependence, prey abundance and nest site availability 
could all influence the population demographics. Despite this, the matrix does offer an 
opportunity to examine whether the Zambezi population conforms to our general 
understanding of crocodilian life histories. The results suggest that the population is far from 
equilibrium, which could be a result of some of the aforementioned factors including habitat 
loss and fragmentation as well as the hunting and harvesting of crocodiles. 
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Conclusion 
 The results presented indicate an increasing crocodile population that is still far from 
equilibrium. Future surveys would be useful in validating this trend. The importance of 
protected areas is clearly illustrated yet there is evidence of the population increasing at a faster 
rate in areas which have a lower density of crocodiles. It is important to monitor the patterns of 
land-use change, especially in the game management and open areas, as loss of habitat has been 
cited as one of the main causes of crocodile population decline. Additional information 
regarding the harvesting and hunting of animals is required, as identifying this off-take 
(specimen size as well as numbers) from the population will assist with the monitoring and 
management of the population.  
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Chapter 4 : Re-evaluating the effect of harvesting regimes on crocodilians 
using an integral projection model 
 
Abstract 
 Crocodile populations are size-structured, and for populations that are subject to 
harvesting, removal is size selective. For this reason, size-structured matrix models are typically 
used to analyse the dynamics of crocodile populations. The boundaries between the size classes 
used to classify individuals in these models are typically chosen arbitrarily. This is problematic 
because results can depend upon the number and width of size classes. The recent development 
of continuous character population models termed integral projection models has removed the 
need to arbitrarily classify individuals. These models are yet to be applied to harvested animal 
populations. Using information obtained from the literature we develop an IPM for crocodiles. 
We use perturbation analyses to investigate how altering size-specific demographic rates 
influences the population growth rate and the strength of selection on snout to vent length. We 
find that perturbations can lead to complex responses. Sensitivity analysis to lambda and 
fertility selection reveals that the smallest animals and the sizes of early breeding individuals 
and their eggs may have more influence on these population biology parameters than 
previously thought. Our results show how integral projection models can be used to gain 
theoretical insight into the consequences of altering size-specific demographic rates on the 
population and evolutionary ecology of harvested populations. 
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Introduction 
 Integral Projection Models (IPMs) provide a powerful framework in which to analyse the 
dynamics of populations structured by continuous characters like body size (Easterling et al. 
2000, Ellner and Rees 2006, Rees and Ellner 2009). They are remarkably easy to construct from 
associations between a continuous character and (a) survival, (b) development, (c) inheritance 
and (d) fertility.  Once they have been constructed, IPMs, or high dimensional matrices that 
accurately approximate them (Easterling et al. 2000), can be used to calculate numerous 
quantities of interest to population biologists. These quantities include ecological parameters 
like the population growth rate, evolutionary parameters including character heritability and 
life history parameters like the mean and variance in lifetime reproduction.  Numerical and 
analytical sensitivity analysis is a tool used to analyse IPMs and matrices, and sensitivities can 
be used to explore how altering a model parameter might influence ecological and evolutionary 
parameters (Coulson et al. 2010). A range of sensitivities of some of these quantities to model 
parameters have been developed for IPMs (Ellner and Rees 2006, Rees and Ellner 2009), and 
matrices (Caswell 2001, 2010) but little is known about the sensitivities of other quantities to 
model parameters. In this paper we develop an IPM for crocodiles, calculate multiple population 
biology parameters from it, and, through the use of graphical analysis, examine how perturbing 
model parameters influence these quantities.  
 Prior to the development of IPMs, management strategies for populations structured by 
continuous characters were identified through the analysis of stage-structured matrix models 
assuming a few arbitrary body size classes. IPMs abrogate the need to arbitrarily classify 
individuals into wide body size classes - instead they treat the character as continuous. IPMs 
and classical low-dimensional stage-structured models can provide contrasting insights into the 
dynamics of populations (Easterling et al. 2000). Consequently, it is potentially informative to 
construct IPMs for managed populations, especially if individuals within the population are 
selectively targeted for removal as a function of a continuous character. Nile crocodiles 
(Crocodylus niloticus) provide an example of such a species. 
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 Unregulated commercial and recreational hunting of crocodilians prior to the 1970’s 
depleted many populations, bringing some close to the brink of extinction (Ross 1998). Declines 
were primarily driven by the leather industry and trophy hunting. Since then, conservation 
concerns have raised environmental awareness and crocodile exploitation has changed to more 
sustainable methods (Webb 2002, MacGregor 2006, Abensperg-Traun 2009). Ironically this 
turnaround was caused by the same commercial incentives that provoked the initial over-
exploitation. The crocodilian leather industry supports a valuable global trade for the producer 
countries in excess of USD 50 million per year (Ross 1998, MacGregor 2002) and the rise in 
popularity of eco-tourism contributes significantly to the income of many countries (Telleria et 
al. 2008). Although a few populations remain endangered, many have successfully recovered 
(Ross 1998). The main current threat to crocodilians is loss of habitat although overexploitation 
remains a possibility in some areas. Crocodilians are a keystone species in the wetland 
environment and mismanagement could affect changes throughout the ecosystem (Mazzotti et 
al. 2009). 
 Body size is an important factor in crocodilian populations for a number of reasons. For 
example, large individuals are more desirable for tourism (Telleria et al. 2008), trophy hunting 
(Lindsey et al. 2007) and as breeding stock for crocodile farms, yet large adults cause the 
majority of human and livestock injuries and deaths (Aust et al. 2009, Dunham et al. 2010). In 
addition, small individuals and eggs are targeted by ranchers, and although the repatriation 
percentage may exceed the natural survival rate, it is not always implemented or enforced. Body 
size may be heritable in crocodiles, (Hanken and Wake 1993, Reed et al. 2011) with the body 
size of offspring partially resembling that of their parents. In such cases, selective phenotypic 
harvesting of animals can generate evolutionary and demographic changes within populations 
(Ratner and Lande 2001, Coltman et al. 2003, Mysterud 2011). Altering the strength of selection 
on body size via size-selecting harvesting could already be affecting crocodilian populations 
(MacGregor 2002). Understanding the dynamics of body size in crocodilian populations 
consequently has a range of potential benefits, and a crocodile IPM consequently has potential 
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to provide further insight into the dynamics of both harvested and un-harvested crocodile 
populations. 
 We develop an IPM for Nile crocodiles to investigate the dynamics of the body size 
distribution. Using numerical perturbation we examine how altering parameters in the 
functions used to construct the model influence the structure of the model, and the following 
quantities that describe aspects of the dynamics of the body size distribution: lambda, mean 
lifetime reproduction, mean body size, mean annual recruitment and mean annual survival 
rates. Results are discussed with regard to current and future conservation management. 
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Methods 
 Each individual has a variety of characteristics that can be measured, from genotypes to 
phenotypic traits. At a given point in time, a population level distribution of individual 
characters can be constructed. The character distribution may change if the environment 
changes, and, in harvested populations, if hunting pressure alters (Mysterud 2011, Reed et al. 
2011) Perturbation-based approaches can be used to examine the consequences of such change 
on model predictions. 
 We construct an IPM (of the female component of the population) of snout to vent length 
(SVL), measured ventrally from the tip of the snout to the first scale row posterior to the cloaca. 
SVL is a standard measure of body size for reptiles.  In order to parameterise an IPM it is 
necessary to identify four demographic functions:  
 
 (a) SVL - survival function         
  
 (b) SVL - development function            
 
 (c) SVL - inheritance function           
 
 (d) SVL - fertility function        
 
 
 We parameterise a non-age-structured, deterministic IPM of SVL, the continuous 
character which we refer to as z. The model predicts the distribution of SVL at time t+1, 
n(z’,t+1), as a function of SVL at time t, n(z,t). 
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 G(z’|z,t) describes the probability that an individual of size z at time t grows to size z’ at 
time t+1. S(z,t) describes the probability of survival from t to time t+1 as a function of SVL. 
D(z’|z,t) describes the probability that a reproducing female of size z at time t produces a recruit 
of size z’ at time t+1  R(z,t) describes the number of hatchlings produced by a female that enter 
the population at time t+1 (we assume a post-breeding census, where hatchlings emerge from 
eggs just prior to the population census and the fertility functions incorporates adult survival). 
 
IPM construction 
 Data and functions were obtained by searching the ISI Web of Science for relevant 
literature concerning SVL, survival, offspring SVL and fertility of C . niloticus. We used linear and 
linearized models (for survival, inheritance and fertility) to identify parameter values (Figure 
4.1) incorporated into the IPM: 
 
 SVL - survival function  (z,t): We use the linearized function (SVL’t+1 = -3.0 + 0.07SVLt) 
parameterised by Bourquin (2007) that utilised six years of survival and recapture rates (Figure 
4.1a), the function is logistic in form: 
 
        
 
             
 
  
 SVL - development function  (z’|z,t): This describes ontogenetic development, how SVL at 
time t+1 is related to SVL at time t. In order to estimate the development function two bits of 
information are required: mean SVL at t+1 given mean SVL z at time t and the variance around 
this association. To derive the function for mean crocodile development, we transformed age-
SVL functions (Figure 4.1b), to generate a time series of SVL at age a against SVL at age a+1 
(Figure 4.1c) using data from the field (Games 1990, Maciejewski 2006, Bourquin 2007) and 
captive study (Hutton 1984). To complete the development kernel it was necessary to estimate 
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the variance in growth rates. We did not have information on repeated measures from 
individuals at different ages, which is really required to accurately estimate this variance. We 
gained an estimate using the residuals around the mean development function. Although this 
estimate is only approximate, sensitivity analysis revealed that our results were insensitive to 
this parameter. Our conclusions consequently hold despite the approximate nature of this 
parameter. 
 The development kernel was then constructed. If we define μ as the function describing 
the average growth (SVL’t+1 = 17.8 + 0.89SVLt), and σ as the function describing the variance 
(SVL’t+1 = 4.95 + 0.11 SVLt), we can write the equation below.   
 
           
 
     
  
 
       
   
 
 
 
  
SVL - inheritance function  (z’|z,t): The relationship between parent and offspring SVL was 
estimated from a study by Maciejewski (2007) that described the SVL of recruits as 13.1 cm 
(n=149) and the variance as 0.3 (Figure 4.1e). Female size was not ascertained, and although 
literature does indicate a positive correlation between female size and egg mass 
(Thorbjarnarson 1996, Swanepoel et al. 2000) there are no data available to directly relate C. 
niloticus female size to hatchling size. We assumed a function SVL’t+1 = 13.1 + 0.01SVLt. The SVL - 
inheritance kernel (Easterling et al. 2000) is described using similar logic as the development 
function with μ as the function describing the average development, and σ as the function 
describing the variance:  
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Figure 4.1 The functions used to parameterise the integral population model for Crocodylus 
niloticus. a) The survival function, b) The growth curve, c) The development kernel derived from 
panel b, d) The fertility function, e) The inheritance kernel.  
 
 
 SVL - fertility function  (z,t): Clutches of eggs were laid when the individual attained the 
mean minimum breeding size of SVL 120cm (Appendix 1). The number of offspring produced 
was set as a constant 7.5 offspring per breeding female (Figure 4.1d). This was derived from a 
mean of 45.5 eggs per clutch (per female) multiplied by the proportion of females in the 
population (0.54), the females that lay a clutch of eggs (0.66), the clutches that survive 
depredation (0.69) and proportion viable eggs (0.70) (Appendix 1 details the data and sources).  
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Numerical implementation  
 We approximated our IPM as a high dimensional matrix with 100 size classes. We 
examined how results changed as the matrix size was altered. Model predictions were broadly 
consistent across matrices of dimension 100, 200 and 300. The smallest size class contained 
individuals between an SVL of 13.1 and 15.5cm, the size classes advanced with increments of 
2.4cm, the largest size class included individuals of SVL 247.6 to 250.0cm. The maximum size of 
individuals was assumed as SVL 250cm (~500cm total length) - none of the population ever 
grew to this size in the model. From this model we calculated the following demographic 
parameters using methods described in Coulson (2010), Easterling et al. (2000), Rees and Ellner 
(2009):  
 
 Lambda () - the population growth rate at equilibrium. 
 Fertility selection differential (FS) - describes the difference in mean SVL between 
breeders and the rest of the population. 
 Viability selection differential (VS) - describes the difference in mean SVL across the 
entire population and those that go on to survive. 
 Mean annual survival across all individuals within the population. 
 Mean annual recruitment - the average number of recruits produced across all 
individuals within the population. 
 Mean SVL across all individuals within the population. 
 Mean lifetime reproductive success (R0) - the mean number of hatchlings produced by a 
female during their lifespan.  
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Sensitivities 
 The statistical functions                                   are functions consisting of an 
intercept, and a slope, which can be altered. To analyse our IPM we independently perturb each 
parameter in each function by 10% and examine how each perturbation influences the 
population biology parameters we calculate. All parameters were perturbed upwards, so 
negative values were made less negative by multiplying by 0.90. A perturbation in this context 
represents altering an aspect of the life history such as the survivorship, development, 
inheritance or number of offspring functions. A change in the slope would affect how much one 
variable affects the other, increasing it would cause the change to happen at a faster rate. The 
intercept is the starting value, increasing this moves the entire function upwards. To 
understand the consequences of altering a model parameter, it helps to consider the structure 
of the IPM further. 
 The matrix approximation of the IPM consists of a 100 by 100 block of numbers 
describing transition rates from each possible SVL class at time t to each possible class at t+1. 
The transition rates are determined by the survival, development, inheritance and reproduction 
functions. We want to know how altering each function parameter changes each of the 
population biology parameters we calculate.  To gain insight into this, we want to know how 
altering a model function parameter alters each transition rate within the matrix, as well as how 
altering each transition rate influences the population biology parameter we are interested in. 
We concentrate on and FS to demonstrate how an ecological () and evolutionary parameter 
(FS) change when function parameters are altered. Let us consider the population growth rate 
at equilibrium,  and an arbitrary function parameter - called  . The change in the population 
growth rate that results from changing the parameter (while holding all other model 
parameters at their original values) is a partial derivative, which is written as 
  
  
. 
 When we change a parameter in a function we change many transition rates aij within the 
matrix. For example, if we increase the survival function intercept we increase survival rates of 
individuals across all SVL values. This means that multiple matrix elements change. To calculate 
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 we consider two questions. First, how does altering   change each matrix element, and 
second, how does changing each matrix element influence  
 The effect of altering a single matrix element on  is a partial derivative 
  
     
 and the effect 
of altering   on a single matrix element can be written 
     
  
  If we multiply these two effects 
together, and take the sum over all matrix elements, we can then write (Caswell 2001): 
 
  
  
  
  
     
     
  
  
 
 
To calculate these quantities we did three things: 
 
 First, we increase each aij by a small amount (0.1%) and examined how this influenced 
each of our population biology parameters, lambda  and FS. Second, we altered each model 
function parameter (by 10%) and examined how each aij was altered. Finally we examined the 
sum - the overall effect on each population biology parameter of increasing each model function 
parameter. We will use these insights to comment on how different management strategies, that 
alter survival, development and fertility, are likely to impact the population biology quantities 
we calculate.  
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Results 
The original (unperturbed) transition matrix 
 We represent the matrix approximation of the IPM as a 3D histogram (Figure 4.2a), where 
the x axis represents SVL at time t, the y axis SVL at time t+1 and the z axis the transition rates 
between sizes. The diagonal ridge indicates the survival and growth of individuals from 
hatchlings (on the left) to mature individuals (on the right). The ridge along the top of the 
matrix indicates the number of recruits produced by females of increasing size. Hatchlings 
progress along the diagonal from left to right across the surface as they survive and grow to 
adulthood. The fertility ridge is much higher than the survival-growth diagonal as this is the 
number of recruits produced per breeding female distributed across a few hatchling size 
classes, whilst the diagonal represents survival and transition rates (between 0 and 1.0). 
 
Comparison of the predicted Nile crocodile population with empirical evidence  
 The first step was to establish whether the model predicted population biology 
parameters that are in agreement with those obtained from field studies on C. niloticus. The 
stable age distribution was characterised by a high proportion of small crocodiles and few large 
animals (Figure 4.2b) which is typical of crocodilian populations (Bourquin and Leslie 2011). 
The IPM predicted  of 1.02, indicates a population increasing by 2% per annum - well below 
the maximum rate a crocodile population can increase, and in line with growth rates observed 
in the wild (Smith and Webb 1985, Craig et al. 1992). This corresponded to a mean lifetime 
reproductive success of 2.32 offspring per female over her lifetime. Mean annual survival across 
all individuals was 0.25, and the mean recruitment rate was 0.77. We are unaware of estimates 
of R0, mean survival and recruitment rates from free-living populations. However, our results 
are consistent with results obtained from traditional stage structured crocodilian models (Smith 
and Webb 1985, Craig et al. 1992). The mean SVL of all crocodiles in the population was 33.5cm, 
reflecting the large proportion of the population consisting of small individuals.  
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Figure 4.2 (a) The transition surface of the integral projection model for Crocodylus niloticus. 
The x and y axes represent the snout to vent length (SVL cm) of individuals at time t + 1 and 
time t; the diagonal ridge indicates the survival and growth of individuals from hatchlings (on 
the left) to mature individuals (on the right). The ridge along the top of the matrix indicates the 
number of hatchlings produced by females of increasing size (as they survive and grow) from 
left to right. The z axis represents the transition rates of individuals between size classes, (b) 
The stable age distribution of the C. niloticus population representing the proportion of the 
population at a given size. (c) The stage structure of the lower Zambezi crocodile population 
ascertained from a spotlight survey in 2009. This is derived Chapter 3, Figure 3.1 and it should 
be noted that this does not include the proportion of crocodiles not allocated a size class, this 
eyes-only proportion was 0.37. 
 
 
Sensitivity surface to lambda and fertility selection 
 Sensitivity of  and FS to matrix elements of the model showed contrasting patterns. 
Lambda was most sensitive to matrix elements that described growth and survival (Figure 
4.3a). Sensitivity indicated four small peaks for survival of the smallest crocodiles (hatchlings 
thorough yearlings). Subsequent survival and growth resulted in increasing sensitivity 
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culminating in the largest peak for those of mid-size (SVL ~120cm, the size of early breeding 
animals) and a small peak in sensitivity for eggs. The strength of fertility selection was reduced 
for survival and growth rates among pre-reproductive adults, especially for hatchlings (SVL 
~25cm). An increase in the survival and growth rates of early breeding size animals (and their 
eggs) increased the fertility selection differential (Figure 4.3b). These results occur as 
perturbing different matrix elements alters the proportion of the population in different 
reproductive and non-reproductive size classes. 
 
 
 
Figure 4.3 Sensitivity surfaces of (a) lambda and (b) fertility selection (FS) to matrix elements. 
The diagonal of the matrix surface (from left to right) indicates transitions of individuals from 
time t (y axis) to time t +1 (x axis), whilst the top-left edge of the matrix represents fecundity. 
 
 
Effects of altering model functions on matrix approximation 
 The effect of a function parameter perturbation had varying affects across the transition 
rate matrix, combining both positive and negative value changes (Figure 4.4). Increasing the 
intercept or slope of the survival function had a disproportionate increase on survival and 
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growth rates of smaller individuals than to those that were larger. Increasing the development 
function (intercept and slope) caused increased and decreased transition rates across all size 
classes. Increasing the development intercept influenced growth rates to an equal extent across 
all sizes, while increasing the growth slope influenced larger individuals to a greater extent than 
those which were smaller. Increasing the number of offspring produced an expected increase of 
the top rows of the matrix, while increasing the intercept and slope of the inheritance function 
meant that larger hatchlings were produced. As with growth, some 
     
  
 inheritance values 
combined positive and negative responses.  
 
Product of the two partial derivative matrices 
 When the 
  
     
 and 
   
     
 surfaces were multiplied by the various 
     
  
 surfaces, a new 
surface was generated, in figures 4.5 and 4.6 we provide 3D histograms detailing the product of 
the two partial derivative matrices. Positive and negative effects occurred to and FS due to the 
perturbation of either the slope or intercept to a particular function. Increasing the survivorship 
intercept or slope both caused increases in sensitivity to for the smallest individuals with a 
concurrent decrease in sensitivity to FS for the same size crocodiles. Increasing the 
development intercept resulted in a rise in values which culminated in positive and negative 
influences to  around the young breeding individuals. Fertility selection was strengthened for 
pre-breeding size animals with a reduction in values for young breeding individuals. The 
development slope however caused a reduction in values to which became stronger as 
animals grew and survived to breeding ages. Inheritance perturbations caused fluctuating 
positive and negative responses amongst the eggs laid to young breeding females. Increasing 
the number of offspring caused a strong positive reaction amongst early breeding females to 
both  and FS. 
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Figure 4.4 The 3D histograms display the difference between the original transition rates and those following a perturbation to a function parameter 
of the integral projection model. The individual figure title identifies the perturbed parameter.
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Figure 4.5 Sensitivity of lambda (top row) and fertility selection (bottom row) to survival and development intercepts and slope perturbations to the 
integral projection model. The figure title across the top row identifies the perturbed parameter for the 3D histograms below. 
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Figure 4.6 Sensitivity of lambda (top row) and fertility selection (bottom row) to fertility and inheritance function perturbations to the integral 
projection model. The figure title across the top row identifies the perturbed parameter for the 3D histograms below. 
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Sum of the product surfaces 
 Finally we examined how the different population biology parameters were influenced by 
perturbations to each model parameter. We only report results where population biology 
parameters were substantially influenced (Figure 4.7) - only survival and development 
intercepts and slopes influenced most of the population parameters substantially and we only 
report perturbations to these functions. The direction of change in each population biology 
parameter was identical if intercepts (or slopes) of survival and development functions were 
perturbed. For example, increasing the survivorship intercept and slope functions both 
increased R0 although at different magnitudes. However, the effect of perturbing each function, 
or whether the intercept or slope was perturbed, differed across population biology parameters. 
An increase in the survivorship functions (intercept or slope) caused a decrease to FS whilst a 
similar increase to the development function caused a considerable increase to FS. Altering the 
slope of the development function caused the most considerable overall effects (with the 
notable exception of mean survival which was most influenced by the survivorship intercept). 
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Figure 4.7 The percentage change to population biology parameters for Crocodylus niloticus 
caused by upward 10% perturbations to intercepts (white bars) and slopes (grey bars) of the 
mean development and survivorship functions to the integral projection model.
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Discussion 
 All populations consist of individuals, which can be measured on a number of continuous 
and discrete characters.  At any point in time, a population can be characterised by a 
distribution of character values.  This distribution can change with time as the environment 
fluctuates. All population biology parameters describe an aspect of a character distribution or 
its dynamics: some, like lambda and the strength of selection describe change in the character 
distribution over a time step; others, like R0, describe aspects of the dynamics of cohorts; while 
yet others, like the heritability, describe how character distributions correlate (or not) across 
distributions. It is not surprising that when models are constructed to model character 
distributions it is possible to calculate numerous population biology parameters from such 
models. IPMs describe the dynamics of character distributions, and recent work has begun to 
investigate how population biology parameters of interest to ecologists, life history theorists 
and quantitative geneticists are related (Coulson et al. 2010).  This paper builds on this work by 
focus on a harvested species of crocodiles.  
 Current literature based on stage/age-based models intimate that crocodilian sensitivity 
to  is highest for individuals that have attained breeding size or have survived to the largest 
sizes and is lower for the egg and hatchling stages (Craig et al. 1992, Tucker 2001). The original 
(unperturbed) model we present here partially supports this traditional view derived from 
broad stage/age-based model sensitivity analysis. However, the IPM reveals that the population 
growth rate is also sensitive to survival and growth rates of small individuals (SVL ~25-50cm) 
and young breeders (SVL ~120-150cm). This suggests that previous conclusions about the 
limited population growth consequences of selective removal of young crocodiles from the wild 
may have been over-stated. One reason we observe the peaks in the sensitivity surface for 
lambda is the multi-modal distribution of the stable size distribution (Figure 4.2a and b). When 
individuals are grouped into broad categories, we group sizes that are common with those that 
are rare, averaging the sensitivity across a range of sizes. Our analyses reveal that such 
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averaging can lead to conclusions that are inconsistent with those found from continuous-size 
models. Our results suggest caution in removing large numbers of smaller crocodiles from 
populations, as their selective targeting could depress population growth to a greater extent 
than previous assumed (Craig et al. 1992, Tucker 2001).  
 Ours is the first analysis to examine how the strength of natural selection varies as 
transition rates are modified. To understand our results it is helpful to consider in depth what a 
selection differential is. The fertility selection differential (FS) on SVL describes the difference in 
mean SVL across parents and mean SVL across the whole population. It is calculated as: 
 
   
                
               
 
          
         
 
 
where z is the range of SVL values and definitions for other terms can be found in methods. 
When the development, survival and inheritance function are perturbed, size-specific fertility 
rates remains unchanged but the stable size distribution, n(z,t), is altered. When the recruitment 
function is perturbed, both R(z,t) and n(z,t) are altered. Such perturbations lead to a change in 
the density of individuals in each size class, including the proportion of the population in the 
breeding size classes. These changes translate into difference in mean SVL between breeders 
and the rest of the population.  
 Comparison of the sensitivity surfaces of  and FS to matrix transition rates helps explain 
why different perturbations can generate the contrasting results we see in Figures 4.4, 4.5 and 
4.6. If altering a function parameter increases growth and survival rates of small individuals this 
negatively impacts the strength of fertility selection, but increases  In contrast, if a 
perturbation increases survival and transition rates of larger individuals, and the strength of 
fertility selection both increase.   
 There has been a tendency in conservation biology to use the partial derivative of a 
population biology parameter to a matrix element to inform management recommendations. 
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Although such an interpretation should be treated with caution (Benton et al. 2006), the 
analysis of models to inform population management is a useful tool. In reality, though, it would 
rarely be possible to perturb a single matrix element. Environmental change and alterations in 
harvesting strategies can simultaneously impact multiple aspects of a species ecology 
represented by different matrix elements. The chain rule (Caswell 2001) allows the 
consequences of altering multiple matrix elements at once on population biology parameters to 
be explored. This allows us to ask how our population parameters will change if the association 
between SVL and survival, fertility, development and inheritance changes.  
 The transition rate matrix responded to perturbations of survivorship and development 
functions along the diagonal of the matrix and the inheritance and offspring functions along the 
top edge. Perturbing the survivorship function parameters would intuitively raise the 
survivorship of individuals across the whole population. As the population structure is biased 
towards smaller individuals the increased survivorship is most notable within the transition 
rates for the smaller individuals. Altering the development functions would shift the original 
function to allow all individuals to grow to larger sizes than they did before the matrix was 
perturbed. A consequence of the perturbations caused some of the transition rates displayed in 
the 3D histograms to show apparent simultaneous increases and decreases. In the matrix at 
time t (we shall call this point A) the perturbation has caused a positive effect which then moves 
on to cause a positive effect at time t+1 (point B). As the perturbation passes (from point A to 
point B) the point A surface has moved from high to low, the decrease causing a negative value. 
The converse has happened at point B where the low to high effect has created an increase in 
value. This ‘wave effect’ continues across the entire matrix surface due to the nature of the 
perturbation affecting the whole population.  
 The overall effects to the sum of the product surfaces for due to perturbation of the 
survivorship function parameters both had positive influences on the smallest individuals 
which constituted the largest part of the population. An opposite reaction occurs for similar 
perturbations to FS, resulting in a negative influence for the same range of individuals. The 
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increased survivorship would allow the younger individuals to play a more significant role in 
population growth yet have less of an influence on the future breeding animals. Conversely, 
increasing the development functions resulted in positive and negative influences to but 
increased the values of the early breeding females to FS which became important for 
maintaining a population containing large, healthy breeders. When the number of offspring is 
increased the eggs of the young breeding animals becomes more important to  and FS.   
 Our results are consistent with previous findings (Coulson et al. 2010) that perturbing 
different parameters can have contrasting effects on different pairs of population biology 
parameters. For example, if the development slope is perturbed population growth increases 
along with the strength of FS. In contrast, if the survivorship slope is perturbed population 
growth increases while the strength of FS declines. Perturbing different parts of the 
demography can consequently have contrasting effects on population biology parameters like  
and evolutionary parameters used to estimate the strength of selection. Our results provide 
some insights into why.  
 The model we have constructed is, deliberately, a substantial simplification of the real 
world. We do not incorporate environmental stochasticity or age-structure, for example. 
Despite this, our results can be used to provide some insight into the consequences of 
harvesting crocodile populations. Harvesting will reduce survival rates and depending whether 
it is selective or not, may reduce survival rates in certain SVL classes rather than others. Our 
results show that reducing survival rates across all individuals would result in a decreased  
SVL and R0 but would increase mean recruitment, VS and FS. However, if survival rates were to 
target individuals of a specific size - perhaps small individuals for ranching, or large individuals 
for trophy hunting - the effects on the population biology parameters we calculate would differ. 
For  the most severe repercussions would be seen due to perturbations of the hatchling and 
early breeding sizes whilst FS would be most affected targeting the early breeding sizes. Both  
and FS could also be affected by perturbations to the very largest individuals. 
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 By numerically perturbing our IPM we use rather inelegant brute force to calculate 
sensitivities. Equivalent results could be obtained through analytical means using published 
(Caswell 2001) methods for . In time, it is likely that analytical expressions for the sensitivity of 
R0 and selection differentials will be derived, perhaps using the approach recently advocated by 
Caswell (2011). However, until then we are limited by our mathematical abilities. 
 
Conclusion 
 The IPM used in this article represents a general model of the Nile crocodile, 
parameterised from a range of published literature. Although we draw conclusions from the 
results, we acknowledge that this is a theoretical model and that further investigation into 
aspects such as inheritance may provide a stronger foundation for management 
recommendations. We have followed the effect of perturbations to a range of demographic 
functions through the structure of an IPM and to the resultant predictions. Analysis of this IPM 
reveals the complex responses of a population to slight changes.  
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Chapter 5 : Living with predators: A focus on the issues of human crocodile 
conflict within the lower Zambezi valley 
 
Abstract 
 Human wildlife conflict (HWC) is a global problem and increasing worldwide as people 
and wildlife compete for limited resources. Conflict between people and crocodiles, especially in 
Africa is recognised as a serious problem. The people of the Chiawa Game Management Area are 
heavily dependent on the Zambezi River for a number of resources from potable water and 
irrigating fields to a source of food (subsistence and small scale commercial fishing).The aim of 
study was to assess the spatial and temporal scale of human crocodile conflict (HCC) and 
identify associated factors with a view to recommending mitigation measures. A questionnaire 
survey and Zambia Wildlife Authority (ZAWA) data were utilised to estimate the scale of HCC. 
 Between 2000 and 2009 there were 98 crocodile attacks on people, 62.2% were fatal. 
Most of the attacks occurred whilst canoe fishing (57.1%) and collecting water (29.6%). 
Crocodiles were disliked and seen as a ‘problem’ by the majority of the populace. Even though 
crocodiles are a charismatic mega fauna species, being employed within the tourism industry 
only had a minor positive effect on people’s attitudes. The area is an important location for 
crocodile egg and adult harvesting although the local population gain no financial benefit. An 
increase in the number of boreholes in the villages was suggested by the local people as the 
primary mitigation measure as well as the removal of crocodiles by various means. 
 Although people displayed an understanding of the risks of crocodile attack, very few 
actually employed mitigation techniques or utilised protective barriers when at the river. 
Increased water access points (and their maintenance) in the villages would reduce people’s 
dependency on the river. The negative attitude towards crocodiles is an issue that has to be 
addressed to allow successful implementation of long-term conservation strategies. 
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Understanding local people’s attitudes towards wildlife is an important aspect within any 
conservation management plan.  
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Introduction 
 Human-wildlife conflict (HWC) is a global problem, occurring in many countries where 
human and wildlife requirements overlap. As wildlife and humans increasingly compete for 
limited space and resources the severity and frequency of conflict increases (Madden 2004). 
The fate of many wildlife populations is dependent on co-existence with people. An 
understanding of the factors that shape humans response to HWC is essential for its prevention 
and mitigation (Manfredo and Dayer 2004). Conflict management has often focused on wildlife 
however the alteration of human behaviour may be a more realistic option for long-term 
conservation plans (Baruch-Mordo et al. 2009). The evaluation of local people’s tolerance 
thresholds and attitudes towards wildlife can have significant conservation implications 
(Manfredo and Dayer 2004, Romanach et al. 2007). If the fundamental issues of HWC are not 
addressed, conservation efforts lose stability and the support of local communities (Treves et al. 
2006). Community involvement has been demonstrated to be a deciding factor in the success of 
management plans (Groom and Harris 2008). Such management plans however need to be 
adhered to by all parties in order to be successful (Infield and Namara 2001). 
 One of the animals associated with HWC are crocodiles. Once heavily persecuted and 
harvested in the 1950’s and 1960’s (Cott 1961). Successful conservation methods have 
increased wild crocodile populations which in turn has been accompanied by an increase in 
‘problem’ crocodiles (Letnic and Connors 2006). The issues involved with Human crocodile 
conflict (HCC) are a concern, especially in African countries where the Nile crocodile (Crocodylus 
niloticus) is the cause of significant numbers of human and livestock fatalities (Aust et al. 2009, 
Dunham et al. 2010).  
 Crocodiles are a keystone species and fulfil an important role within the aquatic 
ecosystem in which they occur (Mazzotti et al. 2009) and also have a significant economic value 
(Heykoop and Frechette 2001, Balmford et al. 2002). While crocodile farms can ultimately be 
self-sufficient, they do require an initial wild stock if captive specimens are not available and 
crocodile ranching requires harvests of eggs from the wild population (Luxmoore 1992). 
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 There are several factors involved with the Chiawa Game Management Area (GMA); it is a 
site of conservation importance; a location for people to settle and develop agriculture; a tourist 
destination; a source of wild crocodile adults and eggs for the ranching industry. Developing a 
harmonious management plan that benefits all of the aforementioned participants as well as 
conserving the existing crocodile population requires accurate baseline data. 
 Some of the primary information for HCC analysis in the lower Zambezi is available as 
Zambia Wildlife Authority (ZAWA) keep records of HWC incidents. There is no direct incentive 
to report wildlife attacks to ZAWA, therefore it is not expected that all attacks would be 
reported. The magnitude of human crocodile conflict is a challenge to quantify, as it is difficult to 
obtain comprehensive data especially concerning attacks resulting in no harm which are rarely 
reported (Fergusson 2004). 
 The main objectives of the study were (i) estimation of the scale of conflict; (ii) 
investigation of spatial and temporal aspects; (iii) identification of associated factors; (iv) assess 
local attitudes towards crocodiles; (iv) ascertain likely solutions to HCC. 
 An important pre-requisite for managing HWC in a specific locale is to understand the 
attitudes to wildlife and patterns of conflict. Involving people at the local level in surveys and 
realising attitudes can assist in future long-term conservation strategies (Dickman 2010). The 
priority is to ascertain whether the conflict is a serious problem endangering wildlife or a threat 
to people. Local people are directly involved with all forms of wildlife interactions and often 
decisions concerning both them and wildlife are realised by people far removed from the actual 
‘problem areas’ and with limited understanding of the circumstances. The fundamental 
questions that require answering are “are the ‘problem’ wildlife really a problem” and if so, 
what is the most practical compromise for the local community and the wildlife concerned. 
Quantifying the scale of the problem is one aspect but identifying the attitudes of the local 
community (to the wildlife concerned, prevention, mitigation etc.) is important for long term 
success.  
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Methods 
Study site 
 The Chiawa GMA is situated in the middle/lower Zambezi region of Zambia, hereafter 
referred to as the lower Zambezi and is bordered by the Kafue River to the west and the Lower 
Zambezi National Park to the east (Figure 5.1). The area has a distinct wet season from 
November to April, followed by a cool/dry season (May to July) and a hot/dry season (August to 
October). The Chiawa GMA is 2,344km2 and is divided (perpendicular to the River) into two 
sections by a game control fence. Although HCC can and has occurred in many areas across the 
lower Zambezi, the study only examined incidents within the Western GMA as this has the 
largest human population adjacent to the Zambezi River. The Eastern GMA ‘Sanctuary area’ acts 
as a buffer zone between the western area and the Lower Zambezi National Park to the east. A 
population of ~20,000 people reside in 15 villages which border the lower Zambezi road that 
paralleled the Zambezi River. The villages are spaced at regular intervals between the Kafue 
River and the game control fence. The wildlife in the Western GMA is at a lower density than 
that of the Eastern GMA. However, several species of large wild animals persist and potentially 
pose human wildlife conflict. These include baboon (Papio ursinus, Papio cyncephalus), buffalo 
(Syncerus caffer), elephant (Loxodonta africana), hippopotamus (Hippopotamus amphibious), 
and Nile crocodile (Crocodylus niloticus). The Chiawa GMA is classified as an IUCN category IV, 
defined as an area ‘to maintain, conserve and restore species habitat’ (IUCN 2010a). It is also 
part of the African Wildlife Foundation (AWF) Heartlands programme which encompasses key 
landscapes, including national parks, local villages, government and private lands (Muruthi 
2005, AWF 2010). GMA’s in Zambia were principally established to act as buffer zones around 
National Parks, although they also support hunting and photographic safaris as well as limited 
settlement for local communities who are allowed to practice agriculture. The lower Zambezi 
valley is dominated by flood plains with rural communities making use of the fertile soils and 
access to water to grow food crops. Fishing is the other means of subsistence and small scale 
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commercial operations. Water is available in most villages from a manually operated hand 
pump known as a borehole. Local villagers pay ZMK 5,000-20,000 per household per month 
(USD  ~1-4) to the headman for maintenance of the borehole. 
 
 
 
Figure 5.1 The lower Zambezi valley. The study site is depicted by the rectangle in the western 
half of the Chiawa Game Management Area (GMA) in Zambia. Other abbreviations are safari 
area (SA) and open area (OA). 
 
 
 
102 
 
Questionnaire surveys 
 The questionnaire included both open-ended and fixed response questions (Appendix 2). 
The household was chosen as the sampling unit, with only one respondent used from each 
household. Interviews were conducted between April and August 2009. These were carried out 
with a permanent resident representative of the household, lasted 30 minutes and all 
respondents were above the age of 18 years. Translators were used when required and no 
incentives or rewards were offered to the respondents. A total of 14 enumerators (Two western 
research team members and 12 ‘western’ volunteers) conducted the interviews. In order to 
reduce interviewer bias, each enumerator was given prior training which included an 
explanation of the questionnaire and purpose of the survey, interview techniques and aspects of 
local culture. To reduce the possibility of any questions being misconstrued (Willgerodt 2003), 
all six translators that participated were interviewed and asked for feedback. Changes to the 
questionnaire were incorporated when necessary.   
 
Statistical analysis 
 Statistical analyses were performed using R version 2.10.1. The study proposal and 
methodology were reviewed and approved by the Ethical Review Process of Imperial College 
London. 
 Respondents were asked for information concerning HCC. These crocodile attack reports 
had to be disentangled due to the possibility of the same incident being reported by several 
different respondents. The data were cross-checked by correlating the name of the attack 
victim, age, sex, activity, location, date and severity of injury. The Zambia Wildlife Authority 
(ZAWA) provided data detailing 44 crocodile attacks dating from 2000. The details regarding 
crocodile attacks (year, month, activity and outcome of incident) were assessed for accuracy by 
comparing the answers from respondents to the data of the identical incident recorded by 
ZAWA (assumed as being ‘correct’ due to it being reported immediately). This was then 
recorded as the percentage of respondents who gave the ‘correct’ answer. 
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 The location of crocodile attacks (distance from the Eastern Chiawa GMA gate) was used 
as an explanatory variable for the number of attacks using regression analysis. Linear models 
were also used to examine the number of crocodile attacks as a response to the mean monthly 
temperature and rainfall. The year of attack was used as an explanatory variable to identify 
trends of attack rates through time. Seasonal variation in the pattern of attacks was examined 
with ANOVA using the wet season (November to April), cool/dry season (May to July) and 
hot/dry season (August to October).  
 Categorical data (sex, age, time period of residence, employment) were initially analysed 
with contingency tables using Pearson’s chi-squared test (  ) or Fishers exact test (if one or 
more of the expected values were below 5) to determine the homogeneity of proportions with 
regard to crocodile attacks. A generalised linear model with Poisson error structure was 
constructed for the number of crocodile attack incidents that occurred. This was split into sex, 
the type of activity the victim was involved in prior to the incident (river bank fishing; bathing; 
canoe fishing; crossing a footbridge; farming or water collection) and severity of the incident 
(fatal, injury or no injury). Saturated models were initially fitted which were then simplified to 
the minimum best fit model, using an ANOVA with a chi-squared test.  
 Linear models were used to ascertain the degree of correlation between the number of 
people in the village that collected water, as a function of the distance to the river and borehole 
reliability (to facilitate analysis the respondents answers were assigned a numerical state from 
1 unreliable to 4 reliable). Similar analysis was conducted for the likelihood of a crocodile attack 
being reported using the incident outcome (1=fatal, 2=serious injury, 3=minor injury, 4=no 
injury) as the explanatory variable. 
 Demographic factors (age, sex, village rank, employment, employment within tourism, 
ownership of arable fields and/or livestock) were tested using Pearson’s chi-squared test (  ) 
as explanatory variables to explain variation in attitude to crocodiles.    
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Results 
 A total of 398 people were interviewed in the 15 villages. This varied from 17.5% and 
90% of the households of each village (mean=41.1%). Only 5 people refused to participate and 
these cases were due to the potential respondent being too busy and there was no animosity 
towards the enumerator. There were more female (68%) than male (32%) respondents.  
 
Scale of HCC 
 A third of respondents (n=126) offered information detailing 85 individual crocodile 
attacks. An additional 41 attacks were obtained from ZAWA data including 10 found on both 
sets of data. The crocodile attack data given by respondents were assessed for reliability, as 
details of past events are often difficult to recall accurately (Odinot et al. 2009). Recollection of 
the outcome of the incident (78% of respondents recalled the correct outcome) and the activity 
being undertaken (74%) was similar to the ZAWA data. Most respondents (83.6%) were able to 
suggest a year when the incident occurred, but only 21.9% of respondents could also suggest a 
month or a period of the year (wet or dry season). It was decided to use the data from 2000 to 
2009, omitting 28 attacks pre-1999 or of unknown date from the analysis. 
 During the previous 10 years (2000 to 2009 inclusive), crocodiles attacked 98 people. The 
questionnaire survey accounted for 57 attacks, ZAWA data 31 attacks and 10 attacks were 
identified by both. Females accounted for 36 of the victims and 62 were male. The mean age of 
the victim was 39.2 years. Most of the incidents were fatal (62.2%); 31.6% an injury; 4.1% no 
harm and 2.1% where the outcome was unknown.  
 Approximately half of the attacks (53.1%) identified from the questionnaire survey were 
reported to an organisation such as ZAWA or the police. There was a correlation between the 
severity of the attack and the likelihood of it being reported (r2=0.93, P=0.02, d.f.=2); 31.6% of 
the fatal attacks were reported, 21.4%  of attacks resulting in a serious injury, 5.1% involving a 
minor injury and none of the attacks that resulted in no injury were reported. 
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 Approximately half the households (45.8%) kept poultry (either ducks or chickens), 
20.9% kept goats and 0.5% kept cattle. A quarter of the households (25.5%) that kept livestock 
experienced livestock depredation by a crocodile (70.4% goats and 27.7% dogs, 1.9% poultry), 
these incidents were infrequent occurring from once a year to once in 10 years. Respondents 
witnessed 29.6% of the attacks, the remainder based on supposition. There were no reports of 
cattle being killed, all of which were tended by a herd-boy.  
 
Spatial and temporal aspects of HCC 
 Crocodile attack incidents were consistent throughout the study site, showing no 
relationship to the distance (of the nearest village where the attack was recorded) from the 
eastern Chiawa GMA gate (r2=0.01, P=0.36, d.f.=13). There was no direct evidence for 
temperature (r2=0.11, P=0.30 d.f.=10), rainfall (r2<0.01, P=0.90, d.f.=10) or season (ANOVA 
F=1.462,9 P=0.28) influencing the likelihood of an attack (Figure 5.2). The combined number of 
attacks (survey and ZAWA data) decreased between the years 2000 (n=12) and 2009 (n=7) 
(r2=0.41, P=0.05, d.f.=8) although no attacks were recorded by ZAWA during the recent years of 
2006, 2007 and 2009 (Figure 5.3). 
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Figure 5.2 Seasonal distribution of crocodile attacks that occurred in the Chiawa Game 
Management Area between 2000 and 2009 inclusive (n=98). 
 
Figure 5.3 Number of crocodile attacks occurring in the Chiawa Game Management area 
between 2000 and 2009 
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Factors associated with HCC 
 There was a significant effect gender and activity effect within the model (  =14.2 P<0.01, 
d.f.=6). These ratios follow the sex biases for the various activities, of the canoe fishing attacks 
90.3% involved men and of the water collection, 74.3% were women. The majority of attacks 
(57.1%) occurred whilst fishing from a canoe which was an activity undertaken by a minority of 
the population (16.3%) (Figure 5.3). The second most dangerous activity was collecting water 
from the river (49.7% of households) accounting for 29.6% of the attacks. Most households 
(84.0%) had a borehole in closer proximity than the river and the mean distance from a 
respondent’s house to the nearest borehole was 411.3m (range 10-5000m) and the river was 
1368.1m (range 100-6000m). The reliability of the borehole decreased with an increase in the 
number of households in the village per borehole (r2=0.57, P<0.01, d.f.=13). As the reliability of 
the borehole decreased there was a positive influence on the number of people that collected 
water from the river (r2=0.42, P=0.02, d.f.=12). Increasing distance between the household and 
the river had a negative effect on the number of people collecting water from the river (r2=0.12, 
P=0.03, d.f.=12). 
 Crocodile attacks were also recorded while individuals were engaged in agricultural 
activities (3.1% of the attacks). The majority of households were involved in some form of 
agricultural activity (83.2%) although the proportion of fields that actually border the river was 
not ascertained therefore the results may indicate this bias. A third (30.8%) of households that 
cultivated crops had to cross a footbridge across a tributary of the Zambezi which accounted for 
3.1% of attacks. Approximately half (50.9%) were required to cross a footbridge during the 
rainy season and 49.1% all year round. The ZAWA data indicated that during the 10 year period, 
one crocodile was killed (during 2004) by ZAWA personnel.  
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Figure 5.4 Percentage of crocodile attacks (n=98) between 2000 and 2009 (grey bars) relative 
to the population involved in a particular activity (white bars, which exceed 100% as many 
households are involved with multiple activities) in the Chiawa Game Management Area. 
Local attitudes towards HCC  
 Crocodiles were considered a problem by the majority of both women (92.9%) and men 
(89.1%). Only gender and employment within tourism had significant influences (P<0.05) on 
some of the ‘attitude towards crocodile’ responses. The majority of households with both 
tourism and non-tourism employees regarded crocodiles as a problem, 80.4% and 97.3% 
respectively. However, of the 20 households that regarded crocodiles as either a benefit or a 
combined benefit and problem, 18 had a tourism employee. The main reason cited for 
crocodiles being a problem was that they were dangerous (94.8%). Of the remaining minority 
that believed crocodiles were beneficial, 3.0% suggested that crocodiles were important for 
tourism or economic reasons; 0.7% for conservation; 0.7% that they were avoidable; 0.5% that 
god created them and 0.2% aesthetic reasons.   
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person (whether they were employed within tourism 75.5% or not 91.8%). This varied from 
selective culling/removal of large and/or problem animals to complete eradication. Gender 
influenced the response to the suggestion of a monetary recompense for living alongside 
crocodiles. 25% of women would accept a form of payment the majority cited that “a financial 
incentive is not comparable to the loss of human life”. Men were twice as likely (49.5%) as 
women to consider a financial incentive to allow crocodiles to remain.    
 The majority of people (62.7%) believed that crocodiles could attack at any time of the 
day. Most people (65.2%) regarded the rainy season as the most dangerous period during the 
year as opposed to the dry season by 5.0%. Approximately a quarter (26.4%) of people believed 
the whole year to be dangerous. A large proportion of people (81.7%) did not take precautions 
to prevent crocodile attack, only 38 households (18.3%) utilised a river fence on a regular basis. 
 
 
Possible solutions to HCC 
 Respondents were given a choices of 4 organisations that should be held responsible for 
public safety - The government was suggested by 40.0%; conservation nongovernmental 
organisations (NGO’s) (23.7%); the local community (11.4%); the headman (10.6%); all of the 
previously mentioned (1.3%) and 13.1% did not know. When asked what the best mitigation 
solution would be to prevent crocodile attacks, approximately half of the respondents offered a 
comment (n=160). Mitigation measures suggested were - additional boreholes (57% of 
respondents); crocodiles should be removed (29%); river fences (7%); building more/better 
bridges (4%); developing fish farms (2%) and bathing pools (1%). Other suggestions (not actual 
mitigation techniques) included avoiding the river (n=5), education (n=6), God creating 
everything and protecting people (n=2), ZAWA being more involved with communities 
experiencing ‘problem crocodiles’ (n=9).  
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Discussion 
 Human crocodile conflict in Africa is a significant problem with many more fatalities 
reported than for other continents where crocodilians occur. Crocodiles are an ecologically and 
economically important species therefore it is important to resolve any negative relationships 
which may impede conservation/utilisation efforts. People who live in areas where crocodiles 
occur run inherent risks when spending time at the river. This study identifies the activities 
which precede crocodile attacks and quantifies the attitudes of people towards crocodiles and 
mitigation methods. This data can be used as a framework for crocodile management but their 
analysis has also identified the complex nature of attitudes towards a charismatic species which 
is also an efficient predator. 
  
Scale of HCC   
 There was a discrepancy between the attack incident data gathered using the 
questionnaire survey and the ZAWA data. It is possible that there was a lack of communication 
between the authorities to whom the crocodile incident was reported (Police, ZAWA patrol, 
village scout, village headman, etc) and the ZAWA Chirundu office. Chirundu is ~16km from the 
western edge of the GMA and therefore access for local people maybe an issue for the purpose 
of reporting a crocodile attack. The likelihood of reporting a crocodile attack increased with the 
severity of the incident. There were no attacks recorded by ZAWA that resulted in no harm 
being inflicted on the victim. Predators are more likely to return to an area where a previous 
attack has taken place (Treves et al. 2004). This highlights the importance of encouraging the 
local populace to report crocodile (and other animal) attacks to the relevant authorities. 
Livestock losses due to crocodile depredation were minimal, goats were the main animal 
attacked following the pattern of also being the predominant livestock. Crocodile attacks on 
humans appear to outnumber those of livestock attacks. Any loss of human life is tragic and 9.8 
attacks per year constitute 0.05% of the Chiawa GMA population. Human deaths that could have 
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been avoided are deplorable and this figure represents only those people attacked by 
crocodiles. There are numerous other dangerous animals such as elephant in the area as well as 
the prevalence of life threatening diseases such as HIV/AIDS and malaria. There is still a great 
deal of scope to realise the full extent of mitigatable fatalities.  
 
Spatial and temporal aspects to HCC  
 It was thought that the rates of crocodile attack would increase towards the eastern 
section of the study site, close to the protected area and increased number of crocodiles. 
However, the presence of large protected areas adjacent (the Lower Zambezi National Park) and 
opposite (Hurungwe Safari Area) to the study site may in fact have reduced the number of 
attacks due to an abundance of natural prey in areas of limited human density. These areas 
would also offer relatively undisturbed basking sites compared to the shoreline of the GMA. 
 Seasonal patterns of attacks by crocodiles on both livestock and people have been 
reported for Kenya and Namibia (Fergusson 2004) and for North-Eastern Namibia, including a 
portion of the upper Zambezi River (Aust et al. 2009). During the dry season it is assumed that 
more people (and livestock) would utilise the river to bathe and cool down. The warmer 
temperatures would allow crocodiles to be active during a greater portion of the day. These 
assumptions would lead to a hypothesis of an increase in attacks during the hot/dry months. 
The main peaks in the number of attacks did occur during two of the three months of the hot-
dry season whilst the third month has some of the lowest reported attacks. It is not known why 
September has some of the lowest reported attacks. The month and/or season were the most 
difficult aspect of the crocodile attack for respondents to recall accurately and this may be 
reflected in the results. 
 The number of crocodile attacks per year decreased from 2000 to 2009. More attacks 
were identified in recent years using the questionnaire survey. The ZAWA data had more 
attacks recorded for the earlier years with few or no attacks reported during the past 3 years. 
The ZAWA data is reliant on ‘reported’ attacks whereas the questionnaire survey revealed a 
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number of attacks that were not reported. Only a small percentage of these were found within 
the ZAWA data. It is possible that the number of attacks is reducing each year although the 
reasons are as yet unclear. A possible reason could be an increase in the number of boreholes 
which would have reduced the number of people collecting water from the river.    
 
Factors associated with HCC 
 The type of activity carried out at the river influenced the potential for a crocodile attack, 
with canoe fishing being recognised as the most dangerous due to the high incidence of attacks 
and the low proportion of the population involved. Canoe fishing has been recognised as a high 
risk activity in other studies (McGregor 2005, Thomas 2006). Both fishing activities (canoe and 
bank) can place people in isolated areas and the associated activities of setting nets (wading in 
the river and along sandbars) and gutting fish (which can offer an olfactory cue to the crocodile) 
may increase the risk of attack. If the individual is alone (as is often the case for fishermen) 
there is very little chance of the attack being either witnessed or for intervention from a third 
party. Not all of these incidents were visually confirmed and it should be noted that many of the 
canoes are often in a state of disrepair. It is not uncommon to see canoes being paddled and 
water being bailed out simultaneously. Very few of the local people can swim, and it is possible 
that some of these fatalities may be attributed to canoes capsizing/sinking from an encounter 
with a submerged obstacle or animal other than a crocodile (i.e. Hippopotamus, Hippopotamus 
amphibius) and the individual drowning. The other activities in order of potential risk of 
crocodile attack per year are collecting water, fishing from the bank, bathing and crossing foot 
bridges which follow a similar pattern to the proportions of the local populace that are involved. 
The farming incidence of attack should be viewed as an underrepresentation; actual river usage 
would depend on location of farm to the river and irrigation method, neither of which was 
established.  
 Much of the literature concerning crocodile attacks report the number of incidents in 
areas per year according to preceding activity (Fergusson 2004, Caldicott et al. 2005) and some 
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relate the data to human population size and proportion of the populace involved in that 
particular activity (Thomas 2006). This can be taken one step further utilising the amount of 
effort per day for each activity. Some activities such as fishing from a canoe may consist of an 
entire day on the river whilst collecting water may only require an hour at the most per day. 
Investigation into daily effort could yield informative results and elaborate on the ranking of 
activities to the exposure to potential crocodile attack. This information becomes pertinent 
when assessing the activities for mitigation, especially when funding for conservation measures 
can be limited (Brockington and Scholfield 2010).  
 
Local attitudes to crocodiles 
 On the whole, the majority of people viewed crocodiles as a problem, regardless of sex or 
employment within tourism. A higher proportion of women however were in favour of 
crocodile removal and a financial recompense was less likely to sway their point of view. Other 
studies have shown that women can express a higher degree of concern about potentially 
dangerous wildlife (Zinn and Pierce 2002). Men appear to have higher tolerance levels to 
crocodiles. The local tourism industry is biased to employing males and so there is a higher 
chance of males having a more sympathetic attitude towards wildlife due to previous 
experience. Tourism has been suggested as the solution to ensure positive human wildlife 
relationships, and used in the correct way can be beneficial, not only raising awareness and 
tolerance levels for wildlife but providing an economic incentive (Stronza and Pegas 2008). The 
interviews quantified if the household had a tourism employee, not if this was the respondent 
themselves. We assume that as the family is benefiting from tourism they would be more 
predisposed to crocodiles, however tourism had very little effect. It is possible that such 
‘tourism’ respondents may be more predisposed to wildlife in general, but when singled out, the 
crocodile (because of its size and appearance) becomes a ‘problem’ animal. The type of tourism 
related job may also have an influence, possibly the ‘front of house staff’ (managers, lodge 
guides, etc) acknowledge the bigger picture of an ecosystem and the relevance of different types 
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of wildlife due to training and experience. The ‘back of house staff’ (cleaners, kitchen staff, etc) 
may not appreciate such nuances. Subtle differences like these require further investigation as a 
general increase in wildlife issue awareness may have a decisive impact on the attitudes of 
employees who may be unaware that their employment is dependent on the large and 
potentially dangerous species that they would like removed.  
 Only one household was involved with a crocodile ranch, directly benefiting from the 
presence of crocodiles. Considering that several Zambian crocodile farms/ranches harvest 
crocodile eggs and adults in this area there is potential for community involvement. 
Conservation strategies have often benefited from local participation which include financial 
benefits for the local population that live alongside the wildlife (Frost and Bond 2008, Groom 
and Harris 2008). There are no crocodile farms located in the Chiawa GMA and only a minority 
of people will directly benefit as adult crocodile capture and egg collection require small teams 
with specialist training and only operate for a few months of the year. Trophy hunting and the 
collection of wild crocodile eggs and specimens is regulated by ZAWA who set the quota and 
price. The Zambian crocodile management plan stipulates that 50% of the proceeds from trophy 
hunting will be distributed with the local communities “...to assist in creating a positive attitude 
towards crocodiles” (IUCN 2004). It also stipulates that 5% of wild collected eggs, once hatched 
and reared to 1.2m total length should be repatriated to compensate for the initial off-take. An 
alternative strategy allows the crocodile farm to sell this percentage and pass the funds passed 
onto ZAWA for use in crocodile conservation (Chansa et al. 2005). These sentiments are 
admirable if followed through but it is not known if or how these funds would be distributed to 
local communities. Therefore, it is difficult to increase tolerance levels through direct economic 
incentives.  
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Possible solutions to HCC 
 The majority of people felt that it was the responsibility of the Government to ensure the 
safety of the people of Chiawa GMA. A considerable number of people suggested that NGO’s 
should accept some of the responsibility. The reasons stated were that these were the people 
who wanted conservation and therefore should take an active part in reducing the conflict 
between wildlife and people. Respondents believed that a crocodile attack could happen at any 
time of day and that the rate of attacks would peak during the wet season. Despite this 
knowledge, the majority of people did not use any form of mitigation while utilising the river. 
 The construction of more boreholes (and regular maintenance) in each village was the 
most widely suggested solution and would reduce a substantial proportion of the population 
from having to collect water from the River. Supplying every household with running water 
would be the ideal solution, but this is currently an unrealistic option in rural Zambia. 
  The removal of crocodiles was a widely suggested solution to reduce the number of 
attacks and has been cited as an effective technique in Australia (Nichols and Letnic 2008). The 
capture and relocation or removal of ‘problem’ crocodiles to a crocodile farm could have 
multiple benefits. The problem animal is humanely removed, the farm gains an extra breeding 
individual and ZAWA is seen to be following-up crocodile attack reports. In conjunction with 
skilled capture teams, correctly identifying the ‘problem animal’ and not used as an excuse for 
excessive removals of large breeding females this poses a possible short-term solution. This will 
not necessarily reduce the potential for attack and if not done correctly could infuse a false 
sense of security for certain areas until another ‘problem crocodile’ takes up residency.  
 Unfortunately there is very little that can be done to mitigate the risk of crocodile attack 
on people who fish using a canoe, other than dissuading participation, which would require an 
alternative option. The use of better canoes is a possibility, but will require initial investment 
and continued maintenance. This may not deter a crocodile attack or accidental drowning due 
to collisions with submerged obstacles or encounters with other animals.  
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 Mitigation measures to prevent/reduce crocodile attacks such as protective barriers at 
the river’s edge have been cited (Thomas 2006) as a solution, yet this has not been validated 
empirically. Although it is common sense that physical barriers at the river’s edge may reduce 
the number of attacks, there are also other factors that need to be considered. The barrier will 
require maintenance and corralling people into the same area may be problematic. This 
situation could change from a safe haven to a potentially high risk area if the fence falls into a 
state of disrepair. There are only 3 protective barriers in the Chiawa GMA and these appear to 
be underutilised despite the potential benefits of using a mitigation measure that can be locally 
sourced, constructed and maintained. Only small percentage of the respondents suggested the 
use of protective barriers as a mitigation aid.  
 The incidence of attacks while traversing a foot bridge could also presumably be reduced 
by a sturdier initial construction and built high enough to prevent the tributary flowing over the 
bridge at times of high water. Reducing livestock losses (at least from crocodiles) is possible by 
providing water for the animals in the village or using a shepherd to keep the animals away 
from the river and corralling them at night. 
 Although half of the respondents offered mitigation suggestions, a considerable number of 
people responded by saying that there was “nothing that can be done to prevent crocodile 
attack”. This fatalistic attitude indicates a type of resignation to the possibility of an attack 
happening, accepting that living in the GMA brings with it inherent and unavoidable risks. 
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Conclusion 
 This study provided valuable data and insights to the human crocodile relationships in the 
Chiawa GMA. Crocodiles are a problem and there is currently very little mitigation effort. More 
boreholes and on-going maintenance would reduce people’s reliance on the river for water 
collection. A greater effort of follow-up, with the involvement of NGO’s and/or crocodile farms 
to capture and remove ‘problem’ animals. This in turn could increase the likelihood of the local 
populace reporting attacks. An improved system of reporting would be helpful i.e. monthly 
visits by ZAWA to villages to document HWC. It is important to determine all the incident 
locations, regardless of the severity of the injury so that attack ‘hot-spots’ can be identified and 
appropriate action implemented. The ideal way to prevent HCC is to avoid the river. This is not 
possible in areas such as the Chiawa GMA, where people rely on the river for a multitude of 
activities from social pastimes to the necessity of collecting water. The underlying dislike of 
crocodiles by the local population should be carefully considered. Unless this is changed future 
conservation or mitigation measures may not be as effective as anticipated. There appears to be 
a disregard for safety and minimal understanding of crocodile behaviour and their ecological 
and financial benefits. Conservation and ecological education and awareness campaigns would 
benefit local people could have a positive influence on people’s attitudes to wildlife.   
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Chapter 6 : Conservation of the lower Zambezi Nile crocodile population 
 
Introduction 
 
 The management of wildlife involves environmental, political, economic and social issues. 
Conservation and developmental strategies are required to reach a compromise between these 
issues that benefit people and the wildlife/environmental resource. Ultimately the stewardship 
of a wildlife resource lies with the government wildlife department. However, large 
international conservation organisations and smaller non-governmental organisations are 
playing a greater role in influencing management decisions. Wildlife resources are often 
exploited in various ways, from non-regulated (such as illegal trafficking) to controlled usage 
(i.e. regulated harvesting). The illegal aspects are resolved by enforcement. The regulated 
utilisation of a resource is permitted to various individuals and organisations. Sustainable use is 
accomplished through monitoring both the wild resource and the off-take which can be 
augmented by on-going research. Regulation and enforcement bring their own logistical 
problems to the management table, but must also incorporate the needs of local or indigenous 
people. Expanding human populations encroaching on natural habitats combine increased 
competition with wildlife for the existing natural resources. Managing wildlife and human 
communities is a double-edged sword that is often the source of contentious issues. Developing 
a strategy to optimise human welfare and allow wildlife to thrive is never going to be an easy 
task. However, the spread of human populations and intensity of wildlife utilisation has made 
conservation management a top priority (Adams and Hulme 2001, Lee and Jetz 2008). Quite 
often it is the value of a species that can cause not only over-exploitation and encourage illegal 
trafficking but can also encourage conservation and sustainable use.  
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Overview of aims 
 
 This study aimed to investigate the Nile crocodile (Crocodylus niloticus) population and 
the attitudes of the people living in close proximity to these predators. The findings of the 
previous chapters are encapsulated here in the form of recommendations. The results were 
derived from the following study aims: 
 
 Investigating depredation rates on simulated C. niloticus nests. 
 Surveying the C. niloticus population to estimate density and predict trends. 
 Ascertaining how perturbations to the C. niloticus population biology parameters affect 
the population using an Integral Projection Model. 
 Evaluating the attitudes of local people towards crocodiles and to explore mitigation 
methods. 
 
Key findings 
 
Habitat variables influence the rate of depredation on simulated crocodile nests 
 There was a 40.5% rate of depredation on simulated C. niloticus nests by Varanus 
niloticus. A high amount of dry and dead vegetation in the immediate area increased the risk of 
depredation which was most likely to occur within the initial two weeks. Selective harvesting of 
nests sites exhibiting vegetative characteristics that increase the chance of depredation could 
maximise the potential of wild clutches surviving. 
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Land designation is a significant factor in crocodile abundance 
 Crocodile density was highest (5.4 crocodiles/km) in areas of increased levels of 
wildlife/habitat protection compared to areas of increased human presence (0.9 
crocodiles/km). The population shows evidence of increasing during the past three years from 
~1984 to ~2257 crocodiles. The crocodile population appears to be far from the equilibrium 
predicted by a stable a stage-structured model.   
 
The response of crocodilian populations to perturbations is complex 
 Sections of the population such as hatchlings, breeding females and their eggs may be 
more sensitive to perturbations (i.e. harvesting) than previously realised. Changes to 
survivorship and growth patterns can lead to complex responses, causing both positive and 
negative effects to the population biology parameters that we calculated - lambda, mean lifetime 
reproduction, mean body size, mean annual recruitment, mean annual survival rates, viability 
and fertility selection.   
 
A greater effort in mitigation is required to resolve human crocodile conflict 
 Crocodiles cause ~10 deaths per year within the Chiawa Game Management Area (river 
frontage ~58 km) with fishermen in canoes mostly likely to be attacked. The current mitigation 
is insufficient and ineffective consisting of a few underutilised river barriers. The main 
suggestion from local people was to increase the freshwater supply to the villages (extra 
boreholes) as well as the selective or total removal of crocodiles. The majority of people had a 
negative attitude towards crocodiles and only one household in the study area was found to 
benefit from their presence.  
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Current crocodile status for the lower Zambezi 
 
 Global management plans of crocodilians are in general agreement - to facilitate the 
sustainable use of the species whilst promoting community awareness and public safety 
(ZPWMA 1997, Chansa et al. 2005, DEC 2009, Leach G.J. et al. 2009, Delaney R. et al. 2010). The 
lower Zambezi River is a natural resource which also demarks the international boundary 
between Zambia and Zimbabwe. The crocodile management plans of both countries include a 
mention of cooperation with neighbouring countries. However, political agendas and 
communication difficulties can often impede this admirable objective. The mutual cooperation 
involved with managing a shared resource is an important aspect to be considered for long-
term success. The future for this area is looking positive in terms of conservation legislation due 
to the Peace Parks Foundation (PPF) which has proposed the Lower Zambezi - Mana Pools 
Transfrontier Conservation Area (TFCA) which is currently in the conceptual phase. This will 
adjoin the eastern tip of the much larger PPF initiative - the Kavango Zambezi Transfrontier 
Conservation Area (KAZA) which encompasses the area where Angola, Botswana, Namibia, 
Zambia and Zimbabwe converge, spanning 444,000km2. 
  The crocodile management plans of Zambia and Zimbabwe are similar but for one key 
point (Table 6.1). Zimbabwe only allows the capture of wild breeding adults for crocodile farms 
in exceptional circumstances (which does not include the new start up of a crocodile farm, the 
owner of which is encouraged to purchase captive crocodiles from a supplier). Zambia however 
does allow permits for the harvesting of adult specimens. Crocodile ranching, the collection of 
wild crocodile eggs is a common practice and is recommended in conjunction with a 
repatriation percentage of between 2 - 5% once attaining juvenile size (Craig et al. 1992). 
Temsiripong et al. (2006) demonstrated that hatchlings released post-artificial incubation had 
similar survival rates to their naturally incubated counterparts. This also presents an 
interesting economic aspect to ranches that incur high costs in rearing juveniles or lack the 
facilities (Temsiripong et al. 2006). Although both countries harvest eggs, ZAWA has never been 
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involved with a repatriation scheme and although ZPWMA has implemented this strategy in 
other areas it is not known if this has happened in the lower Zambezi River. However, 
repatriation programmes have not been implemented in the Northern Territories of Australia 
(DEC 2009) yet their population of C. porosus have increased (Webb et al. 2000). This is 
probably due to strict enforcement, regular wild surveys and minimal quotas for adult off-take 
(DEC 2009).   
  
 
Legislation Zambia Zimbabwe 
Minimum trophy hunting total length (m) 3.2 3.2 
Repatriation (%) 5 2 
Repatriation sex ratio (female:male) 3:1 3:1 
Repatriation minimum total length (m) 1.2 1.2 
Ranching allowance Eggs and breeding stock 
(of TL ~2 to 3m) 
Eggs only 
Problem animal action Relocated or removed to 
a crocodile farm 
Relocated or removed to 
a crocodile farm 
 
Table 6.1 Summary of Nile crocodile legislation taken from the official crocodile management 
plans of Zambia (Chansa et al. 2005) and Zimbabwe (ZPWMA 1997). 
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Conservation recommendations: 
Population modelling  
 Modelling techniques are an essential tool for conservation and can provide valuable 
insights into the dynamics of populations. These range from the classical, low-dimensional 
stage-structured models to the more recently developed IPM. The current form of published 
crocodilian management consists of stage-structured matrix modelling. This is the first attempt 
to model a crocodilian population in the context of an IPM. I have utilised both forms of 
modelling in chapters 3 and 4. Of the two techniques, the IPM is probably the more susceptible 
to the accuracy of the model parameters. The stage structured model would average out a 
certain amount of data deficiency due to the broad size classifications and may remain the more 
robust of the two techniques. However, the use of continuous characters within the IPM 
framework does can pinpoint areas of susceptibility that could be overlooked using the 
traditional technique. It is therefore informative to construct IPMs for managed populations, 
especially if individuals within the population are selectively targeted for removal as a function 
of a continuous character such as body size.    
 The two modelling approaches can be integrated into conservation efforts by taking note 
of both their consistencies and contrasting results. Both models predicted similar patterns of 
sensitivity amongst matrix elements for lambda (stage-structured Table 3.4 and IPM Figure 
4.3a). However the stage structured model is restricted in reporting sensitivities to the chosen 
categories (sub-adults being the most sensitive SVL 1-2.5m) whilst the IPM indicates a more 
precise area of sensitivity – that of the early breeding females (SVL 1.2-1.5m). The IPM also 
indicates that lambda could be more sensitive to disturbances of the eggs laid by the early 
breeding females and the hatchlings than has been previously assumed.  
 The IPM structure consists of parameters detailing inheritance as well as that of 
survivorship, growth and fecundity. This allows prediction concerning evolutionary selection, 
such as fertility selection – the difference between mean SVL between the breeders and the rest 
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of the population. This was most sensitive to disturbances concerning the early breeding 
females and their eggs (Figure 4.3b). This type of information is vital for long term conservation 
strategies. 
 The IPM perturbed the parameters upwards, simulating an increase in certain aspects of 
the life history. To maintain consistency, all the model parameters were perturbed in the same 
direction. The perturbations to the model will be symmetrical, and so the effects of downward 
perturbations would be exactly the opposite to the upward perturbations that are shown in 
chapter 4 (Figures 4.4 to 4.7). In the context of conservation this has two implications, 
predictions of the effects caused by positive (reintroduction programmes) or negative 
(harvesting and hunting) perturbations to the population.  
  
Population monitoring  
 Wildlife monitoring issues are often bound by funding problems. Encouraging research 
and NGO involvement is one way to circumnavigate this. The issue of consistency between 
surveys is an achievable goal by standardising the methodology. In the case of the lower 
Zambezi aquatic surveys there are also trans-boundary aspects, which may also include 
terrestrial animals which traverse the river. This study incorporates the second ever survey of 
the lower Zambezi that has monitored both riverbanks of Zambia and Zimbabwe. Both surveys 
were instigated by external organisations i.e. not ZAWA or ZPWMA. As mentioned previously, 
increased communication between the wildlife departments of adjoining countries would be an 
invaluable asset.  
 There was a positive correlation with the abundance of crocodiles and the level of wildlife 
protection, yet crocodiles are still found in areas of increased human presence. This source-sink 
dynamic could be a major component in allowing the population to persist. Crocodiles may be 
lured from the ‘high quality’ protected areas to lower quality areas for a variety of reasons 
stemming from density dependence to prey availability. Unfortunately they prey availability in 
the areas we classify as ‘sink’ (such as the Chiawa game management area) would include 
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people and livestock. This reinforces the need to address the human crocodile conflict issue. 
This source-sink model may allow the population to persist indefinitely, but will require 
continued monitoring and enforcement. The current monitoring of the population has occurred 
during September every three years. This is the bare minimum ideally this type of survey should 
be conducted every year. Crocodile nest data would be a useful addition to the survey regime, 
correlating this to the adult population would yield valuable data regarding the breeding status 
of the population.  
 
Legislative issues 
 The submission of reports from hunting and crocodile farming activities is a necessity for 
any wildlife department to be able to develop a management plan. The lack of data from the 
Zambian crocodile industry has been noted both by ZAWA (Chansa et al. 2005) and the IUCN 
(IUCN 2004) and has to be addressed for long-term conservation success. Management plans 
can then be adapted dependent on wild population surveys as well as hunting/harvesting data. 
Crocodile farms should also be encouraged to assist with the removal of ‘problem crocodiles’. 
There are several benefits from involving the industry: Firstly - utilising personnel trained in 
the capture and humane treatment of crocodiles. Secondly - the crocodile farm gains new 
breeding stock. Thirdly - the local community can see that the HCC issue is being addressed. 
This technique requires appropriate legislation as the concept of a ‘problem crocodile’ can be 
difficult to define. This should not be used as an excuse for excessive removals. This will also not 
necessarily reduce the potential for attack in an area and if not done correctly could infuse a 
false sense of security until another ‘problem crocodile’ takes up residency. 
 The sensitivity of the integral population model indicated that alterations to early survival 
and growth as well that of young breeding animals (and their eggs) will have an effect on the 
population growth rate as well as the strength of fertility selection. Therefore repatriation 
schemes can assist in restoring a healthy population and ensuring that young female breeders 
are not removed could contribute to this effect. The identification of nest sites that are most 
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likely to suffer depredation (those with increased dry and dead vegetative cover) would benefit 
crocodile farmers and the wild crocodile population. If effort were concentrated on removing 
the clutches of eggs from these sites, wild survivorship would increase and the hatchlings that 
emerge would have a positive influence for the long-term population growth.  
 Legislation such as that for deriving community funds from crocodile based revenue 
should be clearly defined and enforced. The successful recovery of C. porosus in the Northern 
Territories of Australia is indicative that a crocodilian conservation strategy can be successful. 
Cooperation was sought from local landholders (mostly cattle ranches) who would derive a 
financial incentive from the crocodile farmers that collect eggs from their land. However, the 
recompense was not sufficient for the landholders to alter land use towards crocodile 
conservation, nor did it compensate adequately for the loss of livestock (Tisdell and Nantha 
2007). Although the strategy may require re-evaluating, at least the crocodile’s presence was 
tolerated if not encouraged. Currently in Zambia the local communities derive no benefit from 
tolerating the presence of crocodiles or any type of potentially dangerous wildlife. The success 
or failure of long-term conservation plans are determined by social and/or economic factors 
which play a significant role (Abensperg-Traun 2009). 
  
Social issues 
 Ultimately, preventing attacks by wildlife on people, rather than reacting to them after the 
event is the desired outcome of human wildlife conflict resolution. However, management 
practices alone cannot eliminate crocodile attacks. It is a civic duty as well as personal 
responsibility to ensure that any activity by people involving the Zambezi River is carried out as 
safely as possible. An increased supply of freshwater to villages (extra boreholes) was the most 
favoured solution to reduce dependency of people on the River. This will only be effective if the 
boreholes are checked and maintained. There are several boreholes currently non-operational 
and it is debatable whether this would be a short-term solution without regular inspection and 
maintenance.  
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 The second most favoured mitigation technique was the total or selective removal of 
crocodiles. Total removal would not necessarily be an acceptable method in term of crocodile 
conservation. However, the selective removal of crocodiles, especially the ‘problem animals’ as 
previously discussed is an option as has been shown to be effective (Kofron 2004). The 
sensitivity of the IPM indicates that removal of large animals would have a minimal impact 
compared to that of the animals SVL >1.5m. It follows reason and from the authors experience 
that larger animals can be the most ‘problematic’. Selective removal of these individuals is a 
possibility and in conjunction with crocodile farms should benefit most parties concerned.    
 Educating people to the ecological and economic benefits of conserving crocodiles will 
only be effective if the people are recipients of some form of adequate incentive. Encouraging 
local communities to report HWC incidents is important and should include attacks where no 
injury was sustained. The reporting of an attack should be made easier. This could be facilitated 
by regular visits by the wildlife department to the villages and would also elucidate recent and 
therefore more accurate data. This information would assist with the management and a 
suitable response to ‘problem animals’ or a pattern of attacks in a particular area could be 
recognised and dealt with as soon as possible.  
 
Trans-boundary issues  
 Increasing communication between park officials of the two countries (Zambia and 
Zimbabwe) would help not only with developing and maintaining a rapport of mutual 
cooperation, but would assist with effective policing and monitoring. This element was not 
directly quantified by the study but is worth mentioning due to the experiences of the research 
team that regularly dealt with officials from both Zambia and Zimbabwe in the terms of future 
management. A secure radio communication system would allow wildlife officials that are 
separated by a mere 500m of river to communicate on a regular basis. No doubt there would be 
political obstacles to overcome but the benefits of such a system should be apparent to those 
concerned. Harmonising the crocodile management plans and sharing information regarding 
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HCC attacks would be a step towards successful management of crocodiles and mitigation of 
attacks.  
 
Limitations of this study 
 The crocodilian population models in this study do not take certain factors into account: 
density dependence, stochastic events, variation in growth rates between the sexes, 
temperature dependant sex determination to mention but a few. These can all influence the 
crocodilian population parameters. The models that we present are simplistic yet elucidate 
results that we deem within reasonable limits.   
 Due to expanding human populations and habitat encroachment, the social issues of those 
living in close proximity to crocodilians need to be quantified and considered within the 
management plan. Economic issues are an important factor, as this led to the initial decline in 
crocodilian populations but since, has been a significant factor in their recovery and 
stabilisation. Further investigation into the commercial aspects of the crocodile farming 
industry should be pursued. 
 
Conclusion 
 Despite the fearsome reputation of crocodilians and resilience to controlled harvesting, its 
future still hangs in the balance, some species more precariously than others. The ‘press’ that 
crocodilians receive is often negative concerning human fatalities. The influence of their skins 
within the exotic leather trade and the benefits for the ecosystem are barely noted. Literature 
indicates that management or mismanagement can cause populations to recover or decline 
within what is relatively a small amount of time. Without doubt it will take time for educational 
concepts to seep into the consciousness of the local communities of the developed nations 
where most crocodilians exist, to allow a greater understanding and appreciation of the natural 
ecosystem and its constituent parts. A quicker and possibly more effective method is the 
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development of positive incentive schemes which must be consistent and enduring if they are to 
be successful. Selective removal as a form of mitigation is a possibility. Harvesting of the wild 
population can be sustainable but must be regulated and enforced. Crocodilians have survived 
the challenges thrown at them for 240 million years, although the toughest may be yet to come - 
coexistence with a recently evolved mammal. 
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Appendix 1 
 
Population demographics for the Nile crocodile (Crocodylus niloticus). TL indicates total length 
of the crocodile. 
 
  Reproduction Population structure 
Source 
Nest 
effort 
 
 (n) 
Mean 
clutch 
size 
 (n) 
 Egg   
survival  
 
(%) 
Min size 
breeding 
female 
(TL cm) 
Sex ratio  
 
 
(M:F) 
Juvenile 
 
 
(%) 
Sub 
-adult 
 
(%) 
Adult 
 
 
(%) 
Bourquin 2007 0.19 
 
45 
 
0.5:0.5 55.4 19.2 25.4 
Craig et al. 1992 0.70 
   
0.47:0.53 
   
Detoeuf-Boulade 
2006    
230 
    
Fergusson 2006 
     
54.5 17 28.5 
Games 1991 0.90 
    
48 34 18 
Thorbjarnarson 
1994 
0.54 
       
Graham 1968 0.88 
    
50 31 19 
Hutton 1984 0.63 54 
 
173 0.32:0.68 
   
Kofron 1990 0.75 
  
262 
    
Kofron 1991 
   
274.5 
    
Maciejewski 2006 
 
42.4 
      
Hartley 1990 
 
47 
      
Pooley 1969 
 
45 
      
Swanepoel 1999 
 
39 
 
190 
    
Parker and 
Watson 1970      
54 25 21 
Hutton and 
Woolhouse 1989      
44 33 23 
This study 
    
0.53:0.47 51.5 29.7 18.8 
Mean 0.66 45.9 45 225.9 0.46:0.54 51.0 27.0 22.0 
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Appendix 2 
 
Date:    Reporters Name:      Reference:  
Village:       Translator: 
 
The following survey is purely voluntary, should you decide to participate the information will be treated in the 
strictest confidence. The aim is to collect data which will assist in discovering the scale of human crocodile 
interaction in the lower Zambezi valley which in turn will assist in the development of plans to reduce the 
amount of negative human crocodile interaction.  
    
Section 1 – Personal Details 
1.00) Name:        1.01) Gender:  a) Male  b) Female 
1.02) Age:   or   a) Child (4-18)  b) Adult (18-65)  c) Elderly (65+) 
1.03) Community rank:  a) Headman b) Elder  c) Other: 
1.04) How many people live in your household? a) Under 18 b) 18+ 
1.05) How long have you lived in this location? 
 
 
Section 2 – Livelihood 
Does anyone in your household: 
2.00) Fish  Y  /  N  
 2.00.1) Who fishes?  a) men  b) women c) children 
 2.00.2) How often? a) Daily  b) Weekly c) Monthly d) Sometimes 
 2.00.3) Do they fish from the a) Bank  b) Wading c) Canoe 
2.01) Own livestock Y  /  N  
 2.01.1) What sort?  a) Cattle b) Goats c) Poultry e) Other 
 2.01.2) Are your livestock? a) Herded b) Alone c) Bit of both 
 2.01.3) Do they drink from the river? Y  /  N  
 2.01.4) how often? a) Daily  b) Weekly c) Monthly 
 2.01.5) Do they drink at certain times?  a) Morning b) Midday c) Afternoon d) Evening 
 2.01.6) Do they drink from the same place? Y  / N 
 Describe the place: 
 
2.02) Grow crops? Y  /  N  
 2.02.1) Do you cross water to access the field? Y  /  N  
 2.02.2) When?  
 2.02.3) Who goes to the fields?   a) men  b) women  c) children 
 
 
Section 3 – River and Borehole usage 
3.00) where do you get your drinking water? a) River   b) Borehole  c) Both 
 3.00.1) Who fetches the water?   a) men  b) women c) children 
3.01) where do you wash your clothes? a) River   b) Borehole  c) Both 
 3.01.1) Who does the washing?   a) men  b) women c) children 
3.02) where do you bathe yourself? a) River   b) Borehole  c) Both 
3.03) How far is the nearest borehole?  
3.04) How far is the River ?   
3.05) How often does the borehole break ? 
3.06) How long does it take until the borehole is fixed a) Next day b) Next week c) Next month d) 
Longer 
3.07) If the borehole is broken, do you   a) use another borehole  b) use river 
3.08) Do you swim or bathe in the river?  Y  / N 
 3.07.1) How often do you swim/bathe a day? a) Once a day b) More than once a day 
 3.07.2) At what time of day?   a) Morning b) Midday c) Afternoon d) Evening 
 3.07.3) Do you swim/bathe at the same place?  Y  / N 
 Describe the place 
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Section 4 – Attitudes to Wildlife 
4.00) What are your favourite wild animals? 
Why? 
 
4.01) What are your least favourite wild animals? 
Why? 
 
 
4.02) Do you think that wildlife is a benefit or a problem for the area? 
 
 
 
4.03) Can you list 3 main benefits or problems of wildlife in the area? 
 
 
 
 
 
Section 5 – Attitudes to crocodiles 
 
5.00) Do you think that crocodiles are a benefit or a problem for the area? 
 
5.01) Can you list 3 main benefits or problems of crocodiles in the area? 
 
 
5.02) Would you like all the crocodiles in the area to be removed?  a) Yes b) No c) Don’t know 
5.03) If there was a way to make money from crocodiles, would you like crocodiles to remain in the area?  
 a) Yes   b) No  c) Don’t know 
5.04) Which causes you more of a problem?   
 a) Malaria mosquito  b) Crocodile  c) Don’t know 
 Why? 
5.05) Has anyone in your household been affected by malaria?  a) Yes b) No 
 
 
Section 6 – Livestock/pet incidents 
6.00) Has your household had any livestock attacked by crocodiles? Y  / N 
 6.00.1) When and what was attacked?  
 
 
 6.00.2) Did you report the attack?  Y  / N 
 6.00.3) Was any action taken?  Y  /  N   
 6.00.4) By Whom?  a) Household  b) Community  c) ZAWA c) Other  
 6.00.5) Describe action taken 
 
 
 6.00.6) Why do you think it was a crocodile? 
 
 
6.01) Has your household had any livestock attacked by other wildlife? Y  / N 
 6.01.1) Which wildlife and by what animal? 
 
 
 6.01.2) When did this happen? 
 
 
 
133 
 
Section 7 – Human incidents 
7.00) Has anyone in your family been attacked by a crocodile?  Y  / N 
 7.00.1) What was their NAME and relation to you? 
 7.00.2) When and where did the attack(s) occur (Date, time of day, location)?  
 
 
 
 7.00.3) Severity of attack a) Killed   b) Injured (disability)  c) Injured (minor) 
 7.00.4) What were they doing when they were attacked? 
 
 
 
 7.00.5) Was the attack reported? Y  / N 
 7.00.6) Was any action taken?  Y  /  N   
 7.00.7) By whom? a) Household  b) Community  c) ZAWA  c) Other  
 7.00.8) Describe action taken 
 
 
 
 
Section 8 – Wildlife problems 
8.00) Is there a particular time of day when crocodiles attack? 
 
 
8.01) Is there a particular area of river most dangerous? 
 
 
8.02) Are certain months of the year more dangerous? 
 
 
8.03) Do you do anything to protect livestock from crocodiles? 
 
 
8.04) Do you do anything to protect yourself from crocodiles? 
 
 
8.05) How can life be made safer living with crocodiles? 
 
 
 
 
8.06) Who you think should be responsible for making living safer in this area: 
a) Government  b) Conservation  c) Headman d) Community  e) Don’t know 
f) Other? Who? 
 
8.07) Is there anything that the above people can do to make the area safer to live in? 
 
 
 
 
9.00) Does anyone in your household have a paid job Y  / N 
9.01) What job? 
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10.00) Do you know of anyone who has been attacked by a crocodile?  
Name, date, activity, location, hospital or clinic treatment 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
11.00) COMMENTS and any additional information: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Thank you very much for your participation in this survey.  
If you wish to contact us:  
Zambezi Crocodile Research - Kevin or Audrey at Kwalata lodge. Phone: 097 801 84 78
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